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SUMMARY:.. „ ' _ " ■  .
'■ , The tre a tm e n t c o n fin e s  i t s e l f  to
the. a n a ly s is  siid d e s ig n  o f components com pression-m oulded in  
g 1 a s s -  r  e in  fo re  e d p o ly e s te r  system s, w ith  p a r t ic u la r  re fe re n c e 1 
to ' fa n  w ings hand a s s o c ia te d  m o u ld in g s ."  ■ •/ //;.;• -/ ' "
The f i r s t  o f the  th re e  p a r ts  .develops /approx im ate .,-ana lys is  
to  express the  b e h a v io u r o f s im p l i f ie d  s ta n da rd  f ib r e  a r ra y s . ho 
c la im  f o r  r ig o ro u s  accuracy i s  made, the  in te n t io n -  be ing  to  
dem onstra te  th e  mechanics o f the  com posite .m a te r ia l r a th e r  than  
to  express i t s  p e rfo rm a n c e jin  p re c is e  te rm s . . E xp ress ions a re , »
however, d e r iv e d - fo r  v a r io u s  param eters a n d /c a rr ie d  in to  th e '
- second s e c tio n  f o r  com parison w ith  measured /q u a n t i t ie s . ,
The second s e c t io n  d e a ls  w ith  e x te n s iv e 'm e c h a n ic a l te s ts  
c a r r ie d  ou t on s ta n d a rd  f ib r e - m a t r ix  s ys te m s ./T h e . te s t  p ie ce s  
were com pression-m oulded under moderate c o n t r o l  c o n d it io n s ( to  
s im u la te  com m ercia l p ra c t ic e  ,/ so th a t  some: e s tim a te  o f th e  
v a r ia t io n  in  p ro p e r t ie s : to  be expected i n  such c o n d it io n s  co u ld  
be o b ta in e d . Under s t a t ic  t e s t  c o n d it io n s  t h is  v a r ia t io n  i s  
found- to  depend upon the  q u a n t ity  be ing  te s te d ;  t e n s i le / t e s t  
r e s u l ts  show g re a te r  s c a t te r  in  1 weak’ th a n . in  ’ s t ro n g ’ system s, 
due .g e n e ra lly  to  the . g re a te r  in f lu e n c e  o f  m a tr ix  im p e .rfe c tio n s  
in *  th e  f  ormer . c a te g o r ie s , w h ile  shear r e s u l ts  showed; c o n s id e ra b le  
v a r ia t io n  in  a l l  c a te g o r ie s . Some v a r ia t io n ,  p a r t ic u la r ly '  in  / ( / j  
th e  l a t t e r  case, c o u ld  be accounted f o r  by th e  s im p le  test;::-'.-;; 
methods employed, f u r t h e r  te s ts  in c lu d e d  fa t ig u e ,  creep and /  ' 
th e rm a l expans ion , but. th e se iw e re  in s u f f i c ie n t l y  e xh a u s tive  ' /
to  show any d e c is iv e  t re n d s . • - /  . / /  ' .  / ; '• . / . . /  " ; ;
I "  ' Agreement w ith  some o f th e  fo rm u lae  d e y e lp p e d lin  ( t h e " / 1 * 
f i r s t  q ia r t is  found to  be good; in 'o th e r  cases -An e m p ir ic a l 
c o r re c t io n  o f fe r s  reasonab le  c o r r e la t io n ,  w h ile  in  s o m e /f ie ld s  
- p a r t ic u la r ly ,  d e a lin g  w ith  th e rm a l expansion -  no: me a n in g f u l- : 
b a s is  f o r  com parison can be e s ta b lis h e d . . • -e -. (/"■., - - ^ ;
; ( •' The t h i r d  s e c t io n  d iscusses  the problem s o f des ig n  in  th e : 
c o n te x t o f e x te n s iv e  te s t in g  o f fa n  w ings. Many o f  the  te s t  
r e s u l ts  u n fo r tu n a te ly  had to  be d is c a rd e d , e i th e r  th ro u g h  
ir re le v a n c e  o r th ro u g h  la c k  o f i n f  o rm a tio n  /oonce in ihg . th e  -b a s ic : 
s t r u c tu r e , a 11 the  te s t  w in g s . hav ing  been, moulded e lsewhere . 11 '--/i 
i s  a ls o  to  be re g re t te d  th a t  the. t e s t  programme was te rm in a te d  
, b e fo re  a n a ly s is  was com p le te , so th a t  no f u r th e r  te s ts  c o u ld  be 
c a r r ie d  out to / re s o lv e  am b igu ities :- in  the  f i n a l  breakdown.
"E xam ination  o f f a i lu r e  modes, however j •in d ic a te s  c le a r  
e r ro rs  in  the  design., o f  the  e x is t in g  w ings , and suggestionsZ are  
made f o r  an im proved d e s ig n . F u r th e r  a n a ly s is  makes i t / c l e a r  th a t  
the  range o f  m a te r ia ls  used in  c u r re n t p ro d u c tio n  w i l l  n o t / ' ;■/
p e rm it com pression m ould ing o f w ings f o r ’ fans  g re a te r  than  j
60 in .  in  d ia m e te r f o r  4 -p o le  5 0 -c /s  o p e ra tio n , o r ./g re a te r  than  / 
48; in  f o r  2 -p o le  speeds, no m a tte r  how s o p h is t ic a te d  the. method1 ' / /  
o f p ro d u c tio n  may become. * . /.Z ' - Z - i
I t  i s  shown th a t  d e s ign  processes based upon the  a n a ly s is  ;/• 
genera ted  in  the  f i r s t  two p a r ts  may o n ly  be a p p lie d  w ith  / L , g 
advantage where th e  m ould ing  charge is  o f the  .'complex f  ormV . 
re q u ire d  f o r  h ig h  s tre n g th ,  im p ly in g  an e s s e n t ia l ly  p re fo rm ed ’ > 
s t ru c tu re  w ith  l i t t l e  f lo w  d u r in g  m oulding.- S im p le r charges? f o r  
lo w e r s tre n g th  d u t ie s  may be fo rm u la te d  by s im p le ■r u le s , b u t /  
can o n ly  deve lop optim um .m echanica l p ro p e r t ie s  th ro u g h  t r i a l  
and e r ro r  in  the  m ould ing  sequence. . • /Z '-Z Z Z
No a ttem p t i s  made to  e n te r  in t o  ..a 
d e ta i le d  com parisons w ith  the  work o f o th e r  experim enters.; The 
b a s ic  th e o ry  in  the  f i r s t  p a r t  in d ic a te s  s im i la r  tre n d s  to  those 
p o s tu la te d  in  s im i la r  s im p le  th e o ry  by S h a ffe r ,  C o rte n ,e lo n e s  and'; 
K re n ch e l, b u t th e  com pression m ould ing p ra c t ic e  u s in g  g la ss  
re in fo rc e d  m a te r ia l in  th e /se con d  and t h i r d  p a r ts  does n o t appear 
to  have been covered e lsew here . - Z ,  Z /•' .’ .v - j
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111. O r ig in  o f Research Programme *, /• 3 3. -3.+9 v 9 9 :
T h is  th e s is  i s  based upon a th re e -y e a r  ; ; 
programme o f re se a rch  sponsored by G e o ffre y  Woods L im ite d ,  o f 
• C o lc h e s te r. The in d u s t r ia l  a i r  c o n d it io n in g  systems m anufactured by 
t h is  Company;: in c o rp o ra te  / f  an im p e lle rs  assembled from / com pression*-;
. moulded g la /s s -re in fo rc e d  p o ly e s te r  components; the  Im p e lle rs ;/ 
c u r r e n t ly  mad.p9ih : t b ia /  way range In ;"d ia m e te r from  3 l f i ' t o  ;;483Inches;, 
and : la rg e r /d ia m e te rs ./ .sS*'© - iif/ ith e  process o f deve lopm erit9 9 /3  ;
In  1966 a s e r ie s  o f m echan ica l te s ts  c a r r ie d  out on 2 4 - in c h  
im p e lle r  assem blies., and subsequen tly  on te n s i le  and bend ing te s t  
p ie c e s , in d ic a te d  a ..high degree- of. v a r ia t io n  in  th e  s tre n g th  o f 
moulded ite m s  . 'i lte w a s  c le a r ' th a t  b e fo re  la r g e r -  im p e lle rs /c o u ld  
c o n f id e n t ly  be p la ce d  On. .the .market - a m ore: e f fe c t iv e ,  c o n t ro l - Of 
component s tx ’ength  w ou ld 'be  re q u ire d ; and th e  cu rre n t, research:- ,• 
programme was a c c o rd in g ly  i n i t i a t e d  in  September 1967 w ith ; a. .view- 
to  in v e s t ig a t in g  the  f  a c to rs  in f lu e n c in g  component3 s tre n g th /, land /hc 
e s ta b lis h in g  methods o f  o b ta in in g  add m a in ta in in g  ■ su it.ab le ;''-^ '- 
component p ro p e r t ie s .  . /■, 9:9 ,. ■ • ' -3/.9/ ;9 9 :+ 9 9 9 ;
Fo r th e  f i r s t  year, of- t h is  programme th e  work was. c e .r r ie d ; ou t a t 
U n iv e r s ity  C o llege  London; b u t i t  was subse qu en tly  found //9++ 
co n ve n ie n t to  t r a n s fe r  th e  p r o je c t  to  th e  U n iv e rs ity  o f S u rre y , 
where i t 'w a s  ta ken  up by th e  Department o f M echan ica l E n g in e e r in g  
in  September 1968. / I , -  / . .  ++ . • ' . . 3
1 .2 .  Development o f the  Programme. /  +'-3.93: +/.+ ' 93 - '
A m ould ing  tech n iqu e  to  meet th e  requ irem en ts  
in d ic a te d  above; c o u ld  have.been developed, by a s u ita b le  sequence. 
o f . te s ts  and p rocess m o d if ic a t io n s ,  .c o n tro lle d  by. an .a ss o c ia te d  • 
programme o f a n a ly t ic a l  work d ire c te d  s p e c i f i c a l ly  to  th e 9 ;y  . 
e s ta b lis h m e n t o f the  r e q u is i te  optimum c o n d it io n s  3 I t  was th o ug h t 
p re fe ra b le ,  however, to  extend th e  a p p l i c a b i l i t y [ o f  th e  resea i'ch  
programme by b as ing  i t  upon a more g e ne ra l in v e s t ig a t io n  o fy th e  
p ro p e r t ie s  o f th e  g la s s - re in fo rc e d  m a te r ia l in  i t s  moulded 
c o n d it io n , ,  and by a tte m p tin g  to  r e la te  these  p ro p e r t ie s  to /a  
s u ita b le ,  s e m i-e m p ir ic a l t h e o r e t ic a l  tre a tm e n t. .+93.9/
:/ .It./ was fu r th e r  dec ided  th a t  th e  p re s e n ta t io n ; o f  th e  th e s is  
shou ld  be a p p ro p r ia te  to  the  background and re qu ire m e n ts  o f+a9  
d e s ig n e r o f com m ercia l com ponents,: r a th e r  than  to ; those o f  anf . 
in v e s t ig a to r  concerned in  b a s ic  m a te r ia ls  re s e a rc h . •T h is / a t t i t u d e  -J 
le a d s  to  a predom inant emphasis on. th e  m a c ro s c p p lc /p ro p e r t ie s  o f'*  3] 
th e  com posite  , r a th e r  than  on the  d e ta i le d  f ib r e - m a t r ix  :/3+"+0 ■ - 3]
+■.+++. + 9 9 9  339/+ /■’■+'<•9 9 ’9 9 / - ' /,.+' /..-■. 9  /;
relationships, and:to tlfe yempioyment of a relatively moderate4 
standard of ;-mathematiGal ajialysiS: wherever this, can=bhZ iritrodticedZ 
without" a significant (loss in accuracy.-,-; yyAyyy•:/:(A Ay y A y
1 V3* S tru c tu re  o f  Thesis... ‘ " ' •:( A(y.y A A yy ; A; * ‘;(A,;a (. . : ■
As a lre a d y  in d ic a te d , ; th e y d e s ig n e r  o f 
components in  f ib r e - r e in fo r c e d  m a te r ia ls  i s  u s u a lly  concerned 
more w ith  the  p ro p e r t ie s  o f th e  b a s ic  com posite  than  w ith  those  
o f  th e  c o n s t itu e n t  f ib r e  and .m a tr ix .(  A lthough  i t  i s / t h e o r e t i c a l l y  
p o s s ib le  to  p re d ic t  com posite  p ro p e r t ie s  f o r  s im p le  systems when 
(th e  c h a r a c te r is t ic s  o f  th e  y'f ib re  and .m a trix ; are=known, - theA A  (• 
d i f f i c u l t y  o f •m easuring■these  c h a r a c te r is t ic  s and the  c o m p le x ity  
o f  th e : a sso c ia te d  a n a ly s is  make i t y f  a f  .e a s ie r to  o b ta in  they ; 
re q u ire d  com posite  p ro p e r t ie s  by d ir e c t  measurement• 
yy ;A I t  then, becomes unnecessary (fb rZ  th e  d e s ig n e r y th  h a ye ,-d e ta ile d  
knowledge o f  the  a n a ly s is  o f  f ib r e - m a t r ix  systems on. a m ic ro sco p ic  
s c a le / I f  he i s  to  a p p ly  th e  m easured,com posite p rqpe ftiesyyZ  
e f f  e c t iv e ly ,  how ever, in  th e : d e s ig n  o f  componehts b u i l t  up from  
co m b ina tions  o f  b a s ic  systems.,-, i t  i s  s t i l l  e s s e n t ia l th a t  ( he ,
. sh o u ld : have a good q u a l i t a t iv e  u n d e rs ta n d in g  o f  (the b e h a v io u r o f 
th e  fundam enta l f ib r e - m a t r lx  c o l l , s in ce ' the. o v e ra l l  c h a ra c te r 's  b i 
i s t i e s  o f th e  component are  u l t im a te ly  d ic ta te d  by pa ram ete rs  o f 
t h is  b a s ic  c e l l  as w e ll as b y ; fa c to rs  in tro d u c e d y in  th e ; b u ild -u p  
o f  the  . component./ • y - y , Ay A ;y ; A  ( z , . AAAAAto .yA/M
, ((" For t h is  re aso n , th e  f i r s t  p a r t  o f .the th e s is  is  devo ted  to  a 
y s e m i-q u a n t ita t iv e  i l l u s t r a t i o n  o f  the  mechanism o f s tre s s  
d is t r ib u t io n  a h d y fh i iu rd  y (fib rb r-m a trixyce .lls ,,;,:u s in g  ■ J
s u ita b le  models and a p p ro p r ia te  m a them atica l a n a lyse s . A - 'i
\ The second p a r t  d e a ls  w ith  th e  p r o p e r t ie s •o f moulded components 
o f s im p le  form ,:, and a tte m p ts  to  r e la te  measured va lues  w ith  theo-A
r e t i c a l  a n a ly s is  a t a le v e l  accep tab le  f o r  de s ign  p u rp o se s ..' . |
A In  th e  t h i r d  p a r t )  the  methods developed in  the  th e  f i r s t  4
two s e c tio n s  are a p p lie d  in  the  des ign  and developm ent o f  fa n  A
com ponents, w ith  p a r t ic u la r  re fe re n c e  to  th e  p r a c t ic a l  oesting-
in v o lv e d  in  t h is  p a r t  o f  the  p ro je c t. : . , :  ;'A A .. z ' •' \ ’( - •'= ' ' j
1
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PART I .  MECHANICS:OP A'PIBRE-MATRIXZSYSTEM.
2 . . B as ic  A n a ly t ic a l  4Z44- - Z Z 444
2 .1 .  D e r iv a t io n  of; Basic . U n it ’ 'M o ie lsy /Z z -d  • / 4z4;Z/;4Z
4  Sjt: I  • The s t r u e tu r e . 'of most f ib r e - r e in fo r c e d ;
p la s t ic  m ould ings i s  e s s b n t ia l ly  la m in a r, e i th e r  because the ; 
m ould ing  m a te r ia l • i s  i n i t i a l l y  in  /sheet -form ' o r because thp'/ZZ 
fo rm in g  "process i t s e l f  g e n e ra te h /h 7system of: la y e rs ^
*1 A  4*1 1 n  vr» AV5 P  i.r v"* H  n  rv* • M -4 • 1 , , • Z ■ .
f o r
example in  fila m e n t., w in d in g . V //"
:Z ' ' Z T h is  v is  le s s :  t ru e  in  /the  case o f com pression m ou ld ing  from  
e/dough :mouidingzcompOund ,Z and: f  o r .Z in je c t io n  m ould ing  - o r }ex t,ru& ion  
.of;, m a te r ia ls  c o n ta in in g  s h o rt . f i b r e s ;7 b u t even in  these, processes 
o r ie n ta t io n  'due to  fo rm in g -p ro d u ce s  a degreoZ o f.Z ah iso tropy/Z /^^  ; 
in d ic a t iy e  :o f  la rg e  d e v ia t io n s  from  'iihe Z id e a lly  random d is p o s i t io h  f  
o f f ib r e s  . ; / "
Z , . 4- As the  above two c.ases : are ra th e r: /beyond .the scopeZof/theZ
p re s e n t tre a tm e n t, it,. .seems Reasonable to  base\ i p i t i a i , a n a lys is ; • 
oh models In *  which th e  i i hr e%. z. l i e‘ pl anes and ’are - 
.embedded in  ■ m a tr ix  sheets o f  u n ifp rm  th ic k n e s s  ; The f ib r e s  ' i;h .:.a- .. ; 
g iv e n  sheet ^ a y Z b e Z p a ra ilb l, . .  may cross  in  groyps a t s p e c if ie d  4 
a n g le s , or, may l i e  .in - t o t a l i y  random d ir e c t io n s . z. • •• '• /z 4:';4;' '**.
zZZ'.ZZZvTheZ s im p le s t o f th e s e ; ariangem ents. i s  c le a r ly :  t h e / f i r s t , 
i n  which. th;e7. f  ib re s  l i e  p a ra l le l . ;  i f  exp re ss ion s  can. ie ;  d e r iv e d  : y  
f o r  the  •p ro p e r t ie s  o f t h is  system , then ; t l ie  /b e h a v io u r o f 7 more Z 
.com p lica ted  s t ru c tu re s  may,. w ith  / va ry in g ./de g reesZ o f .Accuracy ,/ /■; /'?* 
be deduced.
• 2 .2 .  Assum ptions in  A n a ly s is  o f P a r a l le l  F ib re  System . / ZZ: ;
'. . ZZ-z B as ic  a n a ly s is  o f -a  p a r a l le l  f ib r e  system 4 ;
depends upon a number o f  . assumptions-' which may be c o n v e n ie n tly  
c o l le c te d  in to  th re e  g roups, conce rn ing  r e s p e c t iv e ly : -  f f  '
Z' Z (a ) G eom e trica l a ccu ra cy ,/ ,/ •■ZZ • • •• < 4 -> ’4 ’ /Z4 ;Z‘; Z z z y Z z Z '
(b ) M echanica l b e h a v io u r o f c o n s t itu e n ts ,  and Z /ZZzZZz‘
(c )  Choice o f param eters a f fe c t in g  pe rfo rm ance . ' -/ZZz^ZZ 7;Z'‘
■'4 2 .2 *1  System Geometry, j  : } r ' ^ y ;V4,Z4 ' "  'Z;Zz>’4  ' :
^ ; V 4 .  4 ;  :‘/ . I t  i s  f i r s t  assumed; th a t  the  geom etry is
p e r fe c t ,  i : e .  t h a t : -  "ZZ •. / ; /  4 /4  ZZ/Z 7 '* '/Z v -  7; / / .y
\Z  ( 1 ) / The . / f ib re s  are t r u l y  c y l i n d r i c a l , ‘ .
• ( i i )  T h e ir  axes are t r u l y  p a r a i le 1. and e v e n ly ,spaced, a long  
a l l  , axes norm al to. the  f ib re /a x e s /.;  4;. Z/ZZ Z 'Z4ZZZZ4/y zZ"4 7.
' '/4 v /  7 v -y -fZ  . y z  These, c o n d it io n s : are :u n l ik e ly  7, t o : be444,; 
ach ieved in  p r a c t ic e , b u t the  e f fe c ts  o f .d e v ia tio n s7  o f th e  o rd e r
- . - l - i Z ——L*., r .:r j:..'.' '■* ’ I., ■ v- •! !'■ ■ ■ -jir.ri: - ■- ■
; /:99:, y :/y0'3y;:9 9 -f - '-v;/' :";- 0- 0- 9 :3";’099'r9:0‘;9R9.3;;99 •■ 3/4
a n t ic ip a te d  in . a t y p ic a l  r e a l  case are u n l ik e ly  to  be s ig n i f ic a n t  
in  com parison w ith / th e  e f fe c ts  o f some o f the  o th e r  assum ptions 
necessary f o r  a s im p le  a n a ly s is .  ' . • 3 9 '
• . . ' P e r fe c t io n  o f  the  m a te r ia l s t ru c tu re  is  a lso  assumed,
in  th e  s e n s e / ith a i:-  /v y y y  •’ . 9 9 ;  9  9 9  9y ''y !’y :;.
( i i i )  The/bond a t the  f ib r e - m a t r ix ; in te r fa c e  is  r i g i d  and - 
co n tin u o us  over the  whole f ib r e  s u r fa c e , 9 y  ; ... 9y /;9 :' 9
( i v )  There are no c ra c k s , v o id s  o r in c lu s io n s  in  e i t h e r  th e  
m a tr ix  o r th e ’ f i b r e .  •' y .y ‘ -9-- • / - ■,y;:/‘-9 ‘9- .; : / 3; 9 9 '
N e ith e r, o f  these assum ptions can. be j u s t i f i e d  by any 
appeal to  th e / in s ig n if ic a n c e  o f th e  e f fe c ts  in v o lv e d . Loca l,. 
im p e r fe c t io n s /o fy th is  type ; are always p rese n t in  a com m ercia l 
m ould ing  a n d :le a d  to  lo c a l  s tre s s  c o n c e n tra tio n s  w h ich , w h ile  n o t 
g r e a t ly  a f fe c t in g  o v e r a l l / s t i f f n e s s ; ,  can; have a c o n s id e ra b le  .‘e f f e c t  
o il s t re n g th .  • I t  i s  p o s s ib le  to  analyse th e  e f fe c ts  o f an . id e a lis e d  ; 
f la w  system., b u t reasonab le  assessm en t/o f the  e f fe c ts  o f ; a random 
f la w  co lo n y  in  a r e la t i v e l y  la rg e  body o f  com posite  can o n ly  /  y  ■ 3 
be approached by a s t a t i s t i c a l  a n a ly s is /w ith  an e x te n s ive  '/■ ■ 
e m p ir ic a l b a s is .  C o n s id e ra tio n  o f t h is  type  o f im p e r fe c t io n  w i l l  
th e re fo re , be d e fe rre d  to  the  second p a r t  o f the; t h e s is ../ •3 9..9 .
'"+3- 2 .2 .2 .  B ehav iou r o f G o n s t itu e n ts . ../ .9' ;0,
3 .7 9 9  •-....,/ - 3 "•' /. The fo l lo w in g  assum ptions id e a l is e / th e ;  •' •• ;
mechanical; p ro p e rtie s :,/O f .the f ib re / ,  and m a tr ix  m a t e r i a l s 9, y y  v+ 
/ ( v ) Both m a te r ia ls  e x h ib i t  ,, a t  a l l  s tre s s e s  up to  f r a c t u r e * /."‘I  
a s t r e s s - s t r a in 'r e la t io n s h ip  w h ich  i s  l i n e a r , e la s t ic  v andif y  
independent o f t im e , 9 y ;  ' ' / ’ 1 . • • 9 .0 3 / /7933 9 - 9 9 9
( v i )  The m a te r ia ls  are each homogeneous and is o t r o p ic .  .// 3
./ The assum ption o f ;n o n -c reep ihg  l i n e a r i t y  ... • /
to  f r a c t u r e i s  accep tab le ; f o r  g la s s ; re s in -b a s e d  m a tr ic e s  i n / /  ', y ;  
g e n e ra l,  however, are v is c o e la s t ic .  J u s t i f i c a t io n  o f the  p re se n t 
id e a l is a t io n  o f  m a tr ix  p ro p e r t ie s  depends upon t h e / r e la t iv e ly  
sm a ll share o f th e  t o t a l  lo a d  c a r r ie d  by the  m a tr ix ,  w h ich makes 
the  m o d if ic a t io n  o f com posite  p ro p e r t ie s  due to  m a tr ix , c re e p a n d  3 
n o n - l in e a r i t y  r e la t i v e l y  in s ig n i f i c a n t . JThere are c e r ta in  systems 
where th e  m a tr ix  c a r r ie s  a h ig h  p ro p o r t io n  2) f  th e  lo a d , and y -
th e re fo re  c h a ra c te r is e s /o v e ra l l  p ro p e r t ie s ' to  an e x te n t which can /
no lo n g e r be o v e rlo o k e d ; two such -systems are .a; p a ra l1 e1 - f i b r e / 
a r ra y  under la t e r a l  lo a d in g ,/.a n d / .an a x ia l ly - r e in fo r c e d  ro d  in  
to r s io n .  The a p p l i c a b i l i t y  o f3such systems i s  d o u b t fu l,  however, 
and cases o f t h is  t y p e / 'w i l l  n o t be considered, h e re .
I t  is  reasonab le  to  assume the  m a tr ix  to  be homogeneous and 
is o t r o p ic ,  p a r t i c u la r ly  i n  v iew  o f the  l i b e r t i e s  Which have a lre ad y ; 
been ta ke n  w ith  i t s  othep. c h a ra c te r is t ic s ^  f i b r e s , /howevei{,9hre ::3y
u s u a lly  p re se n t as s tra n de d  f i la m e n ts  which may be .exp.ec,ted=i3ori, yA A  
e x h ib i t  co n s id e ra b le  a n is o tro p y . The assum ption o f is o t ro p y  a t 
t h is  stage o f  a h a ly s is  i s  n e v e rth e le s s  custom ary, p ro b a b ly  ; 
because o f the  p r a c t ic a l  d i f f i c u l t y , 'o f  n ieasuring  f ib re ;z p rp p e r t ie s  
in  a tra n s v e rs e  d i r e c t i o n . A y / A A  z . 'AZyyA
2 .2 .3 .  Choice o f  P aram eters» .( V-y;
. ’ : .  -Where th e  . r e in fo r c in g  f ib r e s  are o f , f i n i t e
le n g th ,  the  lo c a l  s tre s s  d is t r ib u t io n  i s  d is tu rb e d  in  th e  re g io n  
o f th e  f ib r e ,  end. As (the f ib r e  le n g th  decreases; fo r .  a .(given, f ib r e  yy 
c o n te h t , the  number o f such d is tu rb e d  zones, w ith  t h e i r  a s s o c ia te d .j 
s tre s s  (c o n c e n tra t io n s , in c re a se s  and s ig n i f i c a n t l y  a f fe c ts  o v e ra l l  = 
s t re n g th ,  w ith  a s m a lle r  f a l l  in  s t i f f n e s s  . C o n s id e ra tio n  o f t h is z  | 
- p a r t ic u la r  param eter i s  c o m p lic a te d , and w i l l ( b e  o f fe re d is e p a ra te ly  
a t a la t e r  s ta g e ; f o r  the  p re se n t I t  is  co n ve n ie n t to  make vstressAA 
d is t r ib u t io n s  in  p la n e s • norm al to  the  f ib r e  a x is  in dependen t o f ' A 
p o s it io n  on the  a x is  by assuming th a t-  Ayz , ; ■ ; y ZA y/: . . !j
( v i i )  The r e in fo r c in g  f ib r e s  are o f i n f i n i t e  le n g th ,  and are 1 
embedded in  an i n f i n i t e  m a tr ix .  ; zy * . y. y y
A' Z.y For ease • o f  i n i t i a l  a n a ly s is  i t  i s  A lso , assumed th a t  A 
( v i i i )  There is  no p re s tre s s in g  due to  sh r in k a g e , ZA . .1
In  p r a c t ic e ,  the  s tre s s e s  due to  d i f f e r e n t ia l  
sh rinkage  o f f ib r e  and m a tr ix  d u r in g  c u r in g  and c o o lin g  may be 
c o n s id e ra b le , . p a r t ic u la r ly  when u s in g (p o ly e s te r , re s in s  in  h o t 
. com pression m ou ld ing , and s tre n g th  may be s ig n i f i c a n t ly  a ffe c te d ., A-i
The s tre s s e s  due to  shrinkage, may,, however, be ana lysed A
s e p a ra te ly  and superposed on s tre s s e s  due to  lo a d in g  w ith o u t  A ' '■}
s e r io u s ly  in c re a s in g  the  e x is t in g  degree o f e r r o r ,  a n d : I t  is  
co n ve n ie n t in  th e  p re se n t c o n te x t to  s p l i t  the, a n a ly s is  in  t h is  way
2*3* O b jec ts  o f I n i t i a l  A n a ly s is .  v ' / .  y /*' , j
The id e a lis e d  p a r a l le 1 - f ib r e  system A /  
d e fin e d  by the  p rece d in g  assum ptions w i l l  be su b je c te d  t o : -
(a ) U n ia x ia l s tre s s  p a r a l le l  to  th e  f ib r e  axes, t y  y
(b ) U n ia x ia l s tre s s  i n ‘ s e le c te d  d ir e c t !o n s  in  a lp la n e  J
norm al to  the  f ib r e  axes, ( A  y A / ’’ ; .*/*! ( / ;  yAy'M-A'Z |
(c )  S hearing  s tre s s  in  a -p lane  norm al to  the  f ib r e  axes,
(d ) S hearing  s tre s s  in  aelebfeed p la n e s :“c o n ta in in g (  f ib r e  |
axes. zzy . ' • ( • A” A. (.z ( A M Z-y'y.,--( ’ A " |
A n a ly s is  w i l l  be1 based:, p re d o m in a n tly  upon the  s tanda rd  ij 
hexagonal and square a r ra y s , b u t th e  .u lt im a te , in te n t io n 's  i s  to  y . :yA 
d e ve lo p "e xp re ss io n s  g iv in g  w ork ing  a p p rox im a tion s  fo r -  e la s t ic  ; . (AS
c o n s ta n ts  and peak1 s tre s s e s  y in  a t y p ic a l  com m ercial s t ru c tu re  $
, \ z * * '"Z ’ ' * ■ * : 6
where a n o m in a lly ; p a r a l l e i - f ib r e  arrangement may p rese n t ZaZ  
v a r ie ty  o f a rra y s  in  d i f f e r in g  o r ie n ta t io n s  w ith  re s p e c t to . ■ 
th e  a p p lie d  lo a d .vZ  Z. v - 7 :Z .tZ ' •"’ /■ IzZZ/7- Z"' "' Z Z  AZ - 7 '4 VZ : :  .
■ • . The approach u se d 'h e re  would n o t , >:of::,coursp , be* .’Z?;.'.
s u f f i c ie n t l y  .s o p h is t ic a te d  f o r  s tru c tu re s  in  Which a s p e c if ie d  
a rra y  is  - r ig o ro u s ly  generatedy.. as in  h ig l i- d u ty  f i la m e n t-w in d in g  *
V i2>4. /Choice o f Models f o r  A n a ly s is - ./ ' ZZ, / z/Z'zZZ v •,
Z; Zv;'Z '■ 1 - 4 /  Z Com puterised num erica l; p rocedures  a le
a v a ila b le ;w h ic h , g ive n  the  'a p p ro p r ia te  b a s ic  pa ram ete rs , p e rm it 
the  s o lu t io n - o f  7 model systems: w ith -;a  h ig h  degree’, o f, .accuracy. The 
a p p l i c a b i l i t y  o f these  p rocedures in  the  f i e l d  o f. com m ercia l 
des ign  i s  l im i t e d , however, by .'three d isadvan tages : -  , /Z ';;/,.
p. ( i )  They re q u ire  a r e la t i v e l y  a dva n ced ;le ve l- o f a n a ly t ic a l  
m a n ip u la t io n , 7 - 4 Z.‘ . /  /  *V,/'ZZ j  - p / / / / ,  ; ry ' jy p :p  .
( i i )  The m a them a tica l form s used:/tend ".to mask? the  p h y s ic a l 
mechanism o f t i le  7.syd»e4's: h e h a y io u r  ^  /  ' ;-/-.-• / Z ’Z ;Z Z ^ Z ..b i^ Z ’' > . - v .
( i i i ) ,The s o lu t io n ' cannot ach ieve  an accuracy g re a te r  th a n . th a t  
o f  th e  m a te r ia l d a ta  upon which, i t  is  based, n o r . can i t .  take? in to  
account th e  random im p e rfe c t io n s  w h ic h - in f lu e n c e  S tre n g th  and 
s t i f f n e s s  in  a p r a c t ic a l ,  s tru c tu re ;; :  so. 7that ?.ai ' f a r  as: /des ign  is  
concerned t h is  type  o f s o lu t io n  is  no t in h e r e n t ly :b e t te r  than  
one o b ta in e d /b y 's im p le  isdiaiys-is: o f  a s u ita b le  model.;: zZt Z 4//••
• For these  reasons, th e  be h a v io u r o f the
f ib r e - m a t r ix  system w i l l  be i l l u s t r a t e d  in , th e  p rese n t te x t  by
7\ - c o n s id e ra t io n / o f approp?ia7te-.;mpdel .up*its';.Z/,Z Z Z4/'-,/Z-
4 Fo r a g ive n  com bina tion : ;d f geom etry and a p p l ie d . s tre s s  *. the  
most s u ita b le  model i s  • the  one' b e s t s a t is f y in g  th e  f  o llo w in g  
re q u ire m e n ts :-  • ' ,-4/47/41'- V Z /Z 4 ':'Z'4 ... / • / / ; /  '••.Z IZ / /  v -:;Z .1
( a) The mode o f  d e fo rm a tio n  shou ld  reproduce c le a r ly  the  
p r im a ry  d e fo rm a tio n  o f  the  t ru e  system.,/ w i th o u t , n e c e s s a r ily  
b e in g  s u b je c t in  d e t a i l  i d  / th e  ..sameZ S econdary /e ffec isvZ ZZ Z ';? ;, •
. (b ) The s tre s s ; system and o v e ra l l  e la s t ic  const a n t s /fo r/Z th e  
model shquidzb©3papab'l'e/Zof re p re s e n ta t io n  by; re la t iv e ly h B im p le  . 7i 
and re a d ily -d e d u c e d  expressions;.- ' Z- 7 Z 7 4 4 Z -Z Z /Z /b Z I/Z ' ,-4 ;z z  7;;
(c )  .The ;,s tre s s e s  and. cbn$:t;dhts': o b ta in e :d ;,;ih n u m e rica l a p p l ic a t ic  
o f the: model shou ld  co rrespond  re aso n a b ly  w e ll w ith  any a v a ila b le  j 
' t r u e ' s o lu t io n ;  i f  th e  d iscrepa.ncy is  e x tra v a g a n t ly  la t g e , th e  
model must be fu r t h e r  deve loped , o f  , d isca rded ; :in  fa v o u r . 'o f  7 an A
a lte r n a t iv e  re p re s e n ta tio n s  I n  th is Z c o n te x t. the  degree p f  ?.77 
agreement o b ta in e d  c o n s t i tu te s  a measure o f the  s u i t a b i l i t y :  o f 
th e  model • f o r  th e  system :t o ; w h ic h ' i t . isZ be ing :;app liO d>/;, :z .-ZZ' .
. -Z- ,*/ zfy •':.** .* % i Ji > r ■■ Z* -• • , : **» * »*■'•• 4*"/ Z’*i /•'/ V/ < y-* »**» ''>.•••':« '.Ah • • w / r A: * • .4/4,4'.v-. 4 . - -/t
t •’ '. * • . ' V •»£■*** .*-< ' " ' »*?'•. ■’ 'V • Z ’'-, • A- * 7 *«. . * ^ • v j1' ' V •, .' • * \ ’ pi- , t ■ ’ ■ ' ' • ''«. ■ * , * jr \. > j ~ i, ; ■’'“j*
.- (M A - 4 ;^ /AMV/A' ■ : / y\A';.% jA -
2 .5  • N o t  a t i  on..
-A A A A a MA • . . .  ,: , • J. Tdyconf brmywitb-ay-genedai^ approacli ..at/ a . *•;.
le v e l  a p p ro p r ia te  t  o engine b r in g ; d e s ig n , the. c l  as s i  c a l  no t  a t i  oh 
u s in g  E j G and V '  f o r  e la s t ic  c o n s ta n ts ; .w il l  A b  ^sed tiih rpughcru i:/; ; ; 
in  p re fe re n ce  to  th e  d o u b le -s u b s c r ip t .n o ta tio n  more c.oinmonly found 
ihZ m atrix -b .ased  a n a ly s is .  ■ ' *. ■' * -
2 .6 .  N um erica l V a ldes . '/A ./  A--A>A. A t/ 'M A l-A ;; A f :  y 'l/A y M y y A  
( v A "  ; v In  o rd e r to  i l l u s t r a t e  com posite b e h a v io u r
in  q u a n t i ta t iv e  te rm s ,- i t  i s  conve n ien t to  have a t hand a ts e t  o f 
average va lues  o f f ib r e  (and m a tr ix  p ro p e r t ie s  .A  A Ay Aa'z; A ^
V;yAiy • The va lu e s  quoted be low , which are ro u g h ly  a p p ro p r ia te  to  
a g la s s -p o ly e s te r  com posite ', w i l l  be re fe r re d  'to  in  the  te x t  as .
1 S tandard  V a lu e s ’ ,. and w i l l  be used in  a l l  n u m e rica l examples A 
except where- o therw ise , s ta te d . ;
Modulus *■ o f e la s t i c i t y  
•A. .Ay, l b f / I n ^  
Modulus o f r i g i d i t y  
l b f / i n ^  
P o isso n ’ s r a t io
U lt im a te  te n s i le  s tre n g th  
• y- A-Ay l b f / . in  ' ‘A ’ .- y . 
C o e f f ic ie n t  o f  l in e a r  expansion
. A A Z Z A b - A  ' ' Z y A d
: F ib re
E«,y.. ‘zX rj,
• A / / ;a i 6 /
■•g ' - ■ =
- f ;yA z
A  .4x10
r A: 0/25 A
A  C?fU c-^5
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■ $ v • iW a lle lR F ih b re M  A x ia l lo a d in g .  , *
5 .1 . Mode o f D e fo rm a tion .; d /vv • ■ y y  ’ +3/33 ‘ v
, 3.; + / /The i n i t i a l l y :  unloaded- p a r a l l e l - f ib r e  3 y ;  
system may be rega rded  as an a rra y  o f c y l in d r ic a l  f ib r e  rods 
f i t t i n g  c lo s e ly ,  " but. w ith o u t - in te r fe re n c e , in  h o le s  th ro u g h  a /  -j 
b lo c k  o f m a tr ix .  • -3 3 - '■ 3 y  ■ ' ' 3 '' 'v D .y .+ V y y  • 3
I f  a x ia l  lo a d in g  is  now /-applied such th a t  the  rods;., and the 
b lo c k  have the  sa m e /a x ia l./e x te n s io n , the  h o le s  w i l l ;  a tte m p t * to  
d i la t e  e i th e r  more o r le s s  than- w i l l  the  rods  , depending ,1 on 
w hether P o isso n 1s r a t i o / f o r  th e -m a tr ix  is  re s p e c t iv e ly  g re a te r  - 
o r le s s  / th a n  th a t  f o r  th e  - f ib r e . The form er, case is  th e  more 
usual.: one-, le a d in g ; to  a l a t e r a l ! s tre s s  d is t r ib u t io n  due to  /  
in te r fe re n c e  between the  .two. c o n s titu e n ts , when a te n s i le / lo a d  3 
i $  a p p lie d '. ,3 3 ‘ , . 3 9 / . +3: - . y 333-'3.33'3.-.y R y y '- .  1
3. ' A s,a  f i r s t  s te p  in  th e  a n a ly s is  o f these  la t e r a l  e f f e c ts , ;
i t  i s  con ve n ien t t o •re g a rd  a p a r a l le l - f ib r e  a r ra y  as, an assem b ly  
o f  u n i t  c y l in d r ic a l  models as in d ic a te d  in - F ig . 1 . T h e . la te r a l  
s tre s s  d is t r ib u t io n  and: e la s t ic  c h a r a c te r is t ic s  o f th e  u n i t  
c y l in d e r  under a x ia l- lo a d in g  w i l l  then  approxim ate  f a i r l y  
c lo s e ly  to  those f o r  the  a r r a y /o f  to u c h in g 'c y l in d e r s . 3 3
The accuracy: o f t h is  re p re s e n ta t io n  i s  im p a ire d , how ever, 
by the  b e h a v io u r o f th e  m a tr ix  p rism  f i l l i n g -  the  spaces between 
'th e  c y l in d e r s . Under a x ia l  lo a d in g  t h is  p r is m , aga in  ta k in g . 
P o isso n ’ s.. r a t io :  f o r  the  [m a tr ix  to  be g re a te r  than ; th a t ,  f o r  the  
f i b r e , w i l l  a tte m p t to  d i la te -  more than  th e .u n i t  c y l in d e r s , and 
hence more than  the  space between them.; an a d d it io n a l s tre s s  
d is t r ib u t io n  i s  th e re fo re  generated, to  p re v e n t.-s e p a ra tio n s o f the : 
p rism  from  th e  c y lin d e r /b o u n d a r ie s , and t h is  'd is t r ib u t io n  most •/ 
be superposed upon th a t  f o r  the  ^s ing le  u n i t  c y l in d e r . y -3/' 3:
3d . A n a ly s is  w il l . ,  th e re fo re  be - developed in  two s ta g e s :-
(a ) A n a ly s is  o f u n i t  c y l i n d r i c a l ; model / ’ /33 3  ^ . 3
... - b d (b ) C o rre c t io n  f o r  boundary c o m p a t ib i l i t y .
3 .2 .  A n a ly s is  o f  C y l in d r ic a l  U n it  M odel.
d- +33 F ig .2 shows the  u n i t  c y l in d r ic a l  m odel, /
r e fe r re d  to  o rth o g o n a l axes- X, Y. and Z,. The l a t t e r  two axes; i 
a re , o f cou rse , In te rch a n g e a b le  in  the  u n i t  model due to  i t s  
ax isym m etry , but-assum e separa ted  id e n t i t ie s  when th e  c y lin d e rs  ; 
are assembled in to  an a r ra y .  y ; + y 'd  -++■■

1(
S Y S T E M  G E O M E T R Y
y ?  1
1
- f Z A  A . ' / z  . ^
A -
- A M '
.<;■"
a m
.. P ’ ; .A :
< v 'M A . * * * -'/■ /•'
A - A4 /
- f T M Z R~z  ' ■; A
overage; applied;. 
stress d  „Ux,,
y L A T E R A L  S T R E S S  DISTRIBUTION/;: ( . z y B O U N p A R Y  ^ T R E S S E S
. A  ' - V A A  ■ ■ iSu.ppose £ ;
is . a p p lie d  which has theyshine ( V a lu e /a t /a l ly p o in t s : in  -a 'g ive n ; . 
tra n s v e rs e  p lane  of. the /m ode lA : ®  a ra d ia lA s tre s s
(£v a t the  i n t e r f  ace and 'ta n g e n t ia l  s tre s s e s  <?, , and d 3 a t the  
in te r fa c e  and c y l in d e r  boundary as shown in  th e  f ig u r e .  Assuming 
Lame‘ s a n a ly s is  to  b e . a p p l ic a b le , th e - th re e  s tre s s e s  are re la te d - 
by the  (express io n s  . • /  /.A a A M 'M  ;  ^ ';y (A /AM'yiyb;
< A'feA
*
where;n f ib r e  d ia m e te r A,~ *ai 7 puo^ ju , c y l in d e r  d ia m e te r-.
A t any ra d iu s  r ,  the  a x ia l  s t r a in  .is AAA A A ; - •;
e* > AA)] zA (3 )Et
9  ’ In ' t h is  e q u a tio n , . I t  s ;ah3be 9hdwn ;th a t, th e /te rm
is  c o n s ta n t and. i s  g iv e n  by./ 9  9 3,y y y -  9  ,-/3 : 9 i v993
. 3 : 7 :  <  y  -  y —  d ,9 b ' "*. ■ y / y b  |+-na /
so t h a t , ( 3) may be w r i t te n
%  * +  1 9  * +  !9, + .2d ,
'?Ai
ef  1 ^ y y j - « i  / R + y d  L .3 y y .
'3 3 ,y .-j R e fe rr in g  now .to  the  ta n g e n t ia l s t r a in  a t the  in t e r f a c e ,
t h is  must be the  same in  the  f ib r e  as in  th e  m a tr ix , ,  so th a t  .
- = 9 ,  [0 - + O ]  . ;
9 5 9 9 / 9 .  y K y j y y y ,
■- E l im in a t io n  o f <?, between (5 ) and ( 6) a llo w s / (5 ) to  be 
w r i t t e n  in  the  f  orm + y  '333, A 3 /""•,/? y d  d-d- i+:"d-+ , : . y /  39,
* 4%*: ( h ^ i )  ■:.+ ■•; .y yy;- -333
EZf- .. * ■ 3-‘3
where A/, = . .......■———— - .— ——  ,...
m Cl+«na) +• --Iv^ n'CnV^-Vf)
b and A2 = &  n2 yP»ir *4,
m1 (tin*) + (l+nVm-VfXl-nH ~ZVfn*(h\PM~Vf)
A^ and Ap are': sm a ll ; f  o r s tandard  va lu es  , - A9 ranges frcm  
0 to  0 .00143 , and Ap from  O’ to  0 .038, as n v a r ie s  from  0 to  1 . 
E q u a tio n , (7 ) .may th e n  be w r i t t e n , w ith  accep tab le , e r r  o r , in  the
form  '9 ' ;9d  . - . 9 • 3 . b . - ..;39: 7993+ 939 y 9 ,;-09: ..
6*. « <39 = "j?**. , .. , 7. ■ yd ■ : /*:. 3f
• y  •; £ f y y E R b  3y / / ;  . - .3 .3.9,9 + ..993:
For a x ia l  e q u i l ib r iu m ,  the  average a p p lie d  s tre s s
9  i d  d-d ,3.d' . ';9  9:99/
• • ' *3 ,; id y  where = f ib r e  vo lum e. f r a c t io n  \0 :
• so ; t h a t ,  from  (8)3 and . (0)9003 ■' +93 d -+y .3 -3 /9
; <$, = :  m
• , : <?Xo. ; I + ClM-l) Vj. Y
■+/. /■ (p >ruC I
. - 3 3 <5*0 9  (ha-i)vj.
Then, from  ( 6) and ( 1G ),
12
' The d ia m e tra l s t r a in  € j i  on the  B u te r  .d is ine te r ; thev /y  ’/  
c y l in d e r  is  .the/ same-.*as th e  c ir c u m fe r e n t ia l  s t r a in ,  and .:± s p p  •
' thus  g ive n  b y : -  : Z": * ’ .' V '  ' ; : .:7Z;’4
;••• From ( 2 ) ,  (8 ) and- (1 1 ) ,  (12) becomes: -  . / Z Z I / Z
BT j - — (r f  V ■— 2- ~ ) \, . ' . ■ *] . Zfy
M +ik\(h«1 i . ■ ■/•;.// ..//pry
' r / s o  th a t  P o is s o n 's  r a t io ;  f o r  the- u n i t  c y l in d e r ,  d e fin e d  
here as t h e / r a t io  o f the  o u te r d ia m e tra l ‘s t r a in  to  the  a x ia l' s t r a in  
u n d e r 'a p p lie d  a x ia l  lo a d in g , i s : -  _ '
-fVi - —  <zl - t? —  .; , . ...
-  . ^ r a  “  " : z; /  r z
The modulus o f e la s t i c i t y  f o r  a x ia l;  lo a d in g  i s  g iv e n '', 
from  (8 ) and (10). b y : -  ' ... - ' / / h  IZ  ■" £V
/ 4. ?. jEji « J_ \ -■ I t  (m-r) v/p - Z  ;
■ '7‘>„ >ts.Etv\ AW V 6jc/ - _ - • ':i . 4 : .
.■ • I t  is . now .convenient to  i l l u s t r a t e  the  : 
p re ce d in g  re la t io n s h ip s : .  g ra 7 p h ic A lly ; by in s e r t in g  S tandard ^values 
in  th e  re le v a n t/e x p re s s io n s v ;
P rov ided  th a t  a n a ly s is  is  co n fin e d  to  the  case o f a 
s in g le  c y l in d e r ,  v^  « n ^ ; t h is  i s  no lo n g e r t ru e  when the  c y lin d e r , ' 
are assembled in t o  an a rra y  in  which t h e / i n t e r s t i t i a l ,  p rism s ...are 
c a r ry in g  a x ia l lo a d , b u t . these e f fe c ts  v / i l l  be con s id e red  in  the  
s e c t io n  which, f  o l lo w s . 77:'/ / : • / : ,v\  7 : . ' ?
For th e  u n i t  c y l in d r ic a l  model a lo n e , th e n , the  re le v a n t 
n u m e rica l exp re ss ion s  f o r  s ta nd a rd  :va lues  a r e : -  ; ■-
f *  - =  1 +  |c?vf . z : ’■■ ' /  . ( 1 .5 )
. Z :  Y ™  =  — 1— ------- - ’ • /  . 4  . : - ;... ( q e )  '
d>x0 W I H  ... -;it./V ,z - Z . 4 4 i / ; v ; ■; -• ; ;
I f
<V e ~±(tr
dx0 Cl-f-llvpXT-745 4- IZ-25v/f)
K z z M z z t :;Z  A A A  : « z t  A
. & - - 1  ..... 
d*0 £ I+- tfYfjCZt'75A  VASty) A " ;
' A z M A
' • ( ; ; . •
i . .,
' ■ Z 2vf
Si, CnC?«X^7-?5W-C-J-S'Vf)
■ A ; . 
(20)
R Z  « 0-3S - _ _ _ _27-75 v + f2;25.v^ (21)
The curves co rre sp on d in g  to  the  l a s t  Az. 
s ix  e q u a tio ns  are . p lo t te d  in ;  F ig . 3 * . • :/ • ’ z-
I t  is  im m e d ia te ly  c le a r  from  these cu rves th a t  t h e , la t e r a l  
s tre s se s , are sm a ll in . com parison w ith  "the  a x ia l  ones; in  th e .(m a tr ix  
f o r  example, i t  can be shown th a t  the  maximum la t e r a l  s tre s s  
neve r exceeds about 10$ o f the  a x ia l ; s tre s s  
'•A/A . ’■ D e ta ile d  d is c u s s io n  o fz th e se  r e s u l t s ,  however,/ w i l l  
be d e fe rre d  u n t i l  th e  a d d it io n a l c o m p a t ib i l i t y  s tre sse s  f o r  the  
hexagonal and th e  square- a r ra y  have been ana lysed  in  the  n e x t • v
■ s ” v'l "/
s e c t io n .  • ’ *• ■ A
' ■ V-; . I'
•A*,--v
'. #' r.''■ * )•f.;-
° (Z+Zy.•Z+z ZvA-iS. + • " .-i/> ;?-u ~v : ■;/'/ •’S'- /.4-V.Z -fs/4 >4 ;
Fig,3. AXIAL LOADING OF UNIT 
CYLINDRICAL MODEL: /
NUMERICAL VALUES. I
; 3*3* C o rre c t io n  f o r  Boundary C o m p a t ib i l i t y . A /M -- 'A y - 4 4  A '/
, . The a n a ly s is  f o r  t h is  e f fe c t  depends/upon 
the  geom etry o f th e  a r ra y .  I t  w i l l  th e re fo re  be c a r r ie d  out • 
f o r  a hexagonal a r ra y  f i r s t ,  fo llo w e d  by a square a r ra y . ,
The a n a ly t ic a l  system f o r  the  hexagonal ari-.ay i s  MAM" 
in d ic a te d  in  F ig .4 . • • \  z /  -A'
ARRAY
SEGMENTS
A
<x
- . . A
,+-= ka.
AV
<5'e
f
'c o n s t a n t  s t r e s s '
ASSUMPTION
F ig .4 .COMPATIBILITY STRESSES
z -A
SEGMENT GEOMETRY
IN HEXAGONAL 
ARRAY
The a r i'a y  i s  d iv id e d  in to  id e n t ic a l  t r ia n g u la r ,  segm ents, / 
each on a base jo in in g  two f ib r e  ce n tre s  and w ith  i t s  apex a t 
the  c e n tre  o f the  e q u i la te r a l  t r ia n g le  formed by th re e  such bases. 
W ith in  each segment, f ib r e  c e n tre s  are jo in e d  by- a ligam ent: ABC 
d e fin e d  by the  ang le  0 , th e  a x ia l  s tre s s  a long  t h is  pa th  b e in g  &
I t  i s  assumed th a t  under a x ia l  lo a d in g  the  segments A 
rem ain  s im i la r ,  so th a t  th e  o v e ra l l  s t r a in  a long  any p a th  such as 
ABC due to  the  co m b ina tio n  o f d  w ith  the  norm al d i la t io n  o f  A. • '
the  c o n s t itu e n t  c y l in d r ic a l  models is  c o n s ta n t, and i s  equa l to  
, the  o v e ra l l  l a t e r a l  s t r a in ,  o f  th e  system .- / . ' /
S ince a t t h is  stage th e  p r im a ry  o b je c t iv e  is  only- th e  
assessment o f the  o rd e r o f m agnitude o f the  c o m p a t ib i l i t y  s tre s s  
(£ >• a- .sim ple form  may be assumed f o r  i t s .  v a r ia t io n :  w ith  R ad ius * :
v. The two most obvious assum ptions a r e : -  ' yZ'Z Z—4 /'
’]. I  ( a) C onstant lo a d  •along the: ligament.-ABGy 1 7 / Z Z z , f t  f t  .
p. (b ) C onstant s tre s s  a long  ABC. -. . --- Z '- f * I X v PpI pz.
The f i r s t  assum ption , a p p lie d  to  th e  ta p e r in g  lig a m e n t, 
would im p ly  i n f i n i t e  s tre s s  tow ards the  f ib r e .  centfe^ZTlie/z^IZpp • 7.7 
c o m p a t ib i l i t y  s tre s s  i s  in  e f f e c t ,  however, a r a d ia l  s tre s s  acting.-; 
on th e  boundary o f a u n i t  c y l in d r ic a l  model and changing from
te n s i le  to  com pressive every  3 0 °, so th a t  the  in te rn a lZ in d u c e d
s tre s s e s  would be expected to  d ie  away tow ards th e  c e n tre .
The second assumption, then  seems more re aso n a b le , i : e  Z j 
th a t  <3 is  a fu n c t io n  o f .9 o n ly . T h is  re q u ire s  a d d it io n a l;  s tre s s e s  j 
dfc and "V f o i :  e q u il ib r iu m  o f ; en elem ent o f  ttie Z liga m ^ 7/3
in  F i g . l ,  the  th re e  s tre s s e s  th e n  be ing  re la te d  by the  e xp re ss io n  4
' /  z fp ; ;; I n  the  p re s e n t a n a ly s is  th e  e f fe c ts  o f  and on . «
r a d ia l  s t r a in  w i l l •be n e g le c te d , the  r e s u l t in g  e r ro r  b e in g  p ro b a b ly  
le ss ' than; th a t  a lre a d y  in c u r re d  byzthe  a l lo c a t io n  o f a c o n s ta n t p 
va lu e  to  <3 . /...-■’*z Z -•-. ' ‘ Z •/
4 U sing assum ption (b ) , th e n , the  l in e a r  s t r a in  on 7 AB i s : -  3
€(, s €* h ^ -  C v ^ V ^ c o io ]  Z-Z'Z'4-. Z - /,7/p p Z (2 3 )
^• -ZZZpV ■ • ’ ■ ( k - S f t )  Zzzz ZZ.
; where 6^ i s  th e  a x ia l  s t r a in ,  g ive n  b y : -
---f ?  cY > . zr. k O
The re  s u i t  a n t , lo a d  b etween f ib r e  c e n tre s  due : to  £> Must
b e 'z e ro ;  r e s o lu t io n  in  the  Z d i r e c t io n  then: g ive s  : -  -P
f t f t f t  Z ' f t  : ■ . ‘ f t  ;.z  ;-
<o £v(GdQ s: O
From (23)> (21) and (25) ,
£, eft _L_ ~_J21—  1 ]7 - ( L 4oCx zuu-oi )
so t h a t : P o isso n 1s r a t i o  f o r
The c o m p a t ib i l i t y ... s tre s s  becomes; ,3
<o
dxr C l + C^ -0 Vj % n \~  ? -U C h -\ )  Col & ]
. . . . . .
The two; V a lues o f p r in c ip a l ;  . in te r e s t ; axe the. maximum: and minimum"-ddd'+'VSv-:. ' vj ' • ': • • d/-77--b;+df-v// y y . . / y ”• 3 '■+>
va lu e s  6 and' 6 , g ive n  re s p e c t iv e ly  by Q -  30, and;© « 0 in  ( 27)
.(3; .•>. ~ :n\ C - V l-x. — 
flf Cn^~7)vf-Vik6n_i)\J;•.,;
.0 3: d?:\ -  ; -  »*' ( T y -  i ^ x ) ; [ : ? \ 30 V
|V1- 77:;;/ -771 . •- % + 7  , • ,• •
; . .*0.3 v '• -.3 [; '’• 3 The coxrespqhd ihg  .geometry f o r  .the
square a rra y  i s  - " in d ic a te d  . in  'F ig .5 ?;0 ’ + ; /  9037- '...33 3' ; 3
Fig.5. COMPATIBILITY STRESSES IN SQUARE ARRAY
■ 3 3 , For t h is  system , . .equations - (2 3 / . and
s t i l l  a pp ly  , b u t th e  f ib r e ;  volume f r a c t io n ;  i s  .now g ive n  by
V l - 3  (30)
•b■ 3 : R e s p lu tio n  in / e i t h e r  the. Y b x /th e  Z3.dixeetdipn /g iv ^ V y /b
cdsO +" G - O
A A A - From (;23) , (24) and (31) ,, P o isso n 1 s 
tra n s v e rs e  a x is  becomes: A v Z  -AM ' , ’ZA' A- ’ . Az z -Az-ZA'
P M  A  • ^ r A ] ; v/ Z ( A z A  ;yrz; >;A / A / ' A s a )
where :A , «\ ======== fcw“
v fa?- to {JLk- Cm-i)]l- -
ujrlr*+2U(r**i). Lit _ i (m-atcOvAarfZf )
$ J >y\-Zk(rh-i) J % ^ '7 WL-~.23'-G*~i) A
and the- c o m p a t ib i l i ty ,  s tre s s  is
A Z  d  ~ w f ( t 4 i ,* T 4 x )  r; Ci?rm~3?dbi4) COS 0  ^ -Z  • • Z ’Z>’ Z .  Z  Z V . - / :. " / A  (  3 3 )
Z Z  z  . V^p’ : ■ :[^r21cMw0j[j/6i'l)^]>:' - ( A  / ' ; ' ((A'
* z; - /  The maximum . and , minimum v a lu e s -o f  S are o b ta in e d  by 
p u t t in g  G = 4 5 ° / and 0 °  r e s p e c t iv e ly  in  (33) * -  , ' ;5A- A - AA
d> t4x. )t^ L *7 Cl2yy ~~ Ufa) 1. , , ?Z. ' Z f Z X.' Z
dxv - 2 U-6K-i)% l-fAm-Ovf J ; • Z /;••' > ZZZ-Z Z /.zZ A 'A
(j> - hrC'^ kx,- )
Crt^ - .2k.6*v-i) JCI* 6m-i
3 .4 . D iscu ss io n  o f  A x ia l Load ing  A n a ly s is  ,.- Az, As-. Azb .Mb" . 
zA 'A- AZ -z . “=A / I t  i s  now conven ie n t to  summarise and (/• 
examine th e  . re s u lts  o f :the  ; p re c e d in g Z a n a ly s is /u n d e r the  headings
o f ': - ,  ' ' A A .- A ’ A A - ' ‘ ■' A ' •’ /  ' - A A A (. ; ; A ' z, A;/' / /A  (A
(a ) A x ia l modulus o f e l a s t i c i t y  A —
(b ) A x ia l s tre s s e s  Z .. z 'A ,v - z '- zzAy./. ; ( A A-A; v- b
(c )  P o isso n 1 s r a t i o  z "  /-Az A-zA- /-'A- / ' I ' -  ' r
. . . (d )  L a te ra l . .s tre s s e s . (z A •--./. • AMAz/A
• . -3.*4Z1 Modulus o f  E la s t i c i t y .  Z;,.-A'AaAM- zz \ A. M/AMI A.-‘A ■. A 
• > . ., - zrZi. : V I t  has been shown th a t,  th e  la te ra A /s tre ssp b M
are to o  s m a ll ',t o . ( s ig n i f ic a n t iy  a f fe c t  th e  a x ia l  s tre s s  ahd s t r a in  ; 
under (a x ia l lo a d in g  y and th e  modulus o f e la s t i c i t y /  may ((there f  pre/be 
ta ke n  to  fo l lo w  the . m ix tu re  law  g ive n  by /A; z MAAAAAA- 1 : AAAAAf. ' i
r k  » I 4 (m - t ) v f  - z  • •(■ , b t:z . z - /  ( z. .  (A A M  (36)
Z. BtA ; . - A--,z ( Az--' Z ; \ " Z  - : ^AAA'AZA
and i l l u s t r a t e d  in  F ig . 6 . ?. ,.„z / A --z, • . z>-A' A b  A t/M A 'A /A /M
On t h is  basis;, th e  h ig h e s t va lu e  o f F^. which can be ach ieved  
cor:resppnds;.to b th e  (h ig h e s t; a t ta in a b le  v - ^ u p . / p t ••'-•yA/z-lVhich - In b tu rn  
occurs  when the- c y l in d r ic a l  f ib r e s  bare; to u c h in g  and is  g iv e n  by
Fig.6. PARALLEL-FIBRE SYSTEM UNDER AXIAL LOADING 
AXIAL STRESSES AND MODULUS OF ELASTICITY:
Vf, * = °<\Q 6  f o r  a hexagonal a r ra y ,  and. P.yy .•/.■'/
Vj * 4" - 0-785 ' f o r  a square a r ra y  • , V ;; J Z p r :
The co rre sp o n d in g  va lu e s  o f E are . p Z 'P ;ZZ$. ' -• ’ - - ' . ' X  , ■ - . . >. (7
A *’ . 7 \ 4 ' .v. f't *'
Ex ■> 0*014 + f o r  a hexagonal a r ra y ,  andr :P/-Z;
■ ' , ‘ P  • ' -i-7. Z
Ex a Q *H 5  + 0 1 8 5  m f o r  a square a r ra y .  p P P Z I^ 'Z I 'Z .
E m  .• * P'pLV . Vi
3 .4 .2 .  A x ia l S tre s s e s . - PP.:/--:.;} • y.
‘ ’■ A ga in , th e  sm allness o f . th e , la t e r a l  .yZP.
s tre sse s ' p e rm its . th e  a x ia l  s tre s s e s  in  m a tr ix  and f ib re ,fa s s u m e d  
to  be u n ifo rm ly  d is t r ib u te d  over the  re s p e c tiv e  c ro s s -s e c t io n ,  
to  be found by the  s im p le  r e la t io n s h ip s  : ' • "ZZ'-/
P <££*. =  m_
I +• ( m-f)  Vj -
g h  i "■/:./ . ... / '/Go):
i +-Cm-Ov^. ' ' P- . P p ; P  P'.
The co rre sp o n d in g  cu rves are aga in  shown ,in  E ig .S p p P
0*2 0 4 0*6
V
0 *8
?
0*88 t o
Fig.7 PARALLEL-FIBRE SYSTEM UNDER AXIAL LOADING: 
POISSON'S RATIO (COLLECTED VALUES)
3 .4 .3 *  P o isso n 5s R a tio .
Using s tanda rd  v a lu e s , th e  fo l lo w in g  
cu rves f o r  P o isso n 5 s r a t i o  are p lo t te d  in  F ig.. 7 s *3
1 . v * .  f o r  u n i t  c y l in d r ic a l  model, from  (21)
2 . f o r  u n i t  c y l in d r ic a l  models assembled in  hexagonal
a rra y  w ith o u t c o m p a t ib i l i t y  c o r re c t io n ,  u s in g  (21) w ith  y  -
3 . HA f o r  u n i t  c y l in d r ic a l  models in .  hexagonal a r ra y /w ith ;
c o m p a t ib i l i t y  c o r re c t io n ,  u s in g  (26)
4 . V(.K f  o r u n i t  c y l in d r ic a l  models assembled in  square 
a rra y  w ith o u t c o m p a t ib i l i t y  c o r re c t io n ,  u s in g  (21) w ith  v^  =
5 . f o r  u n i t  c y l in d r ic a l  models in '  square a r ra y -w ith
c o m p a t ib i l i t y  c o r re c t io n ,  u s in g  (32)
6 . Average cu rve , to  be d e riv e d  in  th e  fo l lo w in g
0*30
In  F ig . 7 , co m p a riso n ,o f the  curves 
2 w ith  3 and 4 w ith  5 shows th a t  c o r re c t io n  f o r  c o m p a t ib i l i t y  
in c re a se s  the- la t e r a l  ■ d i l a t io n ,  since., the  c o m p a t ib i l i t y  s tre s s e s ' 
tend  to  pack the  f ib r e s  more c lo s e ly  to g e th e r .  The e f fe c t  i s  
in d ic a te d  by an in c re a se  in  P o is s o n ’ s r a t i o  approach ing about 1-J# 
a t h ig h  f ib r e  c o n te n ts .
For hexagonal and"square a r ra y s , the  most a ccu ra te  cu rves 
w i l l  be re s p e c t iv e ly  3 and 5; b a t i t .  shou ld  be noted th a t  th e  
d if fe re n c e , between these  two cu rves has been exaggera ted in  F ig .7  
by th e  su pp ress ion  o f the  z e ro , and does n o t in  fa c t  exceed about 
3$ a t maximum f ib r e  con ten t;. S ince a l l  the  cu rves are o f v e ry  
s im i la r  fo rm , i t  th e n  seems re a s o n a b le .fo r  p r a c t ic a l  d e s ig n  
purposes to  take  a curve  in te rm e d ia te  between 3 and. 5> and a p p ly  
i t  to  any co m m e rc ia lly -p rod u ced  p a r - a l le l - f ib r e  com pos ite , s in ce  t h i  
would in  g e n e ra l com prise a m ix tu re  o f hexagona l, square., and 
in te rm e d ia te , a r ra y  fo rm s .
A s u ita b le  form  f o r  t h is  mean curve  i s  o f fe re d  by the  
curve  o f the u n i t  c y l in d r ic a l  model, m o d if ie d .by. th e  in t r o d u c t i  
o f  an a r b i t r a r y  constan t^/3
•p> -  (41)
F o r  s ta nd a rd  v a lu e s , t h is  produces curve  6 in  F ig .7 ,  
f a l l i n g  midway between 3 and. 5? when /#  = 1 .1 4 . T h is  cons ta n  % 
may s u ita b ly  be d e s ig n a te d  a G ene ra lised  A rra y  F a c to r .
E q u a tio n  (41) may th e n  be w r i t t e n : -
V , • v „  - 2 Z t ( p „ - V f)V<-____  .
l + i>„ + M4Vj.fMV) ++•(/-^ Xyi-W-4)
I t  i s  found th a t  the  curve  re p re se n te d  by t h is  e xp re ss io n  
changes o n ly  s l ig h t ly ,  w ith  changes o f m when t h is  is  o f  the  o rd e r 
common in  com posites u s in g  a r e s in  m a tr ix ;  the  o rd e r o f v a r ia t io n  
i s  in d ic a te d  in  F ig . 8 , where cu rves f o r  extreme va lues  o f Vm andV$- 
ta ke n  as 0 .5  and 0 r e s p e c t iv e ly ,  are p lo t te d  f o r  m = 1 , 10 and co 
u s in g  (4 2 ) .
I t  i s  seen from  F ig .8 th a t  the  va lu e  o f m 
has l i t t l e ,  e f f e c t  on th e -V  curve  when i t  exceeds about 10, so th a t  
f o r  p r a c t ic a l  purposes the  va lu e  o f F o is s o n 's  r a t i o  may be ta k e n , 
in  f ib r e - r e in fo r c e d  re s in  com pos ites , as th e  va lu e  f o r  m = OO , 
g iv e n  from  (42) b y : -
C43)
3 .4 .4 .  L a te ra l S tre s s e s .
The l a t e r a l  s tre s s e s  induced  by a x ia l  
lo a d in g  are o f in te r e s t  p r in c ip a l ly  in  r e la t io n  to  t h e i r ,  
p o s s ib le  e f fe c ts  on the  mechanism o f f r a c tu r e ;  to . r e s t r i c t  the  
f i e l d  o f d is c u s s io n , o n ly  te n s i le  s tre s s e s  induced by te n s i le  
a x ia l  lo a d in g  w i l l  be co n s id e re d  in  t h is  s e c t io n .
The two g re a te s t te n s i le  la t e r a l  s tre s s e s  are
(a ) The ta n g e n t ia l s tre s s  ( y  in  the  m a tr ix  
a t th e  in te r fa c e ,  assumed to  be g ive n  w ith  s u f f i c ie n t  accuracy 
by a n a ly s is  o f the  u n i t  c y l in d r ic a l  m odel, and
(b ) The m a tr ix  s tre s s  a t a p o in t  w h ich  i s
e q u id is ta n t  from  th re e ' ( in  a hexag;onal a r ra y )  o r fo u r  ( in  aA
square a rra y )  f ib r e  c e n tre s , g ive n  as G by c o m p a t ib i l i t y  . .
a n a ly s is . ’ •
S ince these  s tre s s e s  occur i n ; the  m a tr ix ,  i t  is
co n ve n ie n t to  express them as p ro p o r t io n s  o f the  a x ia l  m a tr ix
s t r e s s , ra th e r  tha n  o f the  average a x ia l  s t r e s s , in  ' Order to
g a in  some id e a  o f t h e i r  s ig n if ic a n c e  w ith  re s p e c t to  f r a c tu r e
deve lopm ent. For t h is  pu rpose , the  re le v a n t exp re ss ion s  a r e : -  
*
Cy ^ iy\ C i+ V iX p ^ V j-)
m (ft-vf)-f (i+fh-K'-Vf-Xi-ty) . /  Vl-4)
5 9 “ Z f m - t f u U - ' ) ]  (hexagona l a r ra y )  (4+)
(j r M f e 6 9 -  ^ (rx) — Vhr\T  -----------------•-------- (square  a r ra y )  , (46)
* . . .
These th re e  e xp re ss io n s  are p lo t te d  f o r  s ta nd a rd  va lu e s  
in  F ig . 9*
(square array)
ft**' I P
&>(hexag6 hal array).
0-25vj- O + o -ttM )
0-064VjtiV-ty).
0 0 4 0
0*020
Fig. 9. PARALLEL FIBRE
TENSILE L ATERAL STRESSES.
Z p -^P.P p -’p -. ^v/PP
P./ZpfP. .'■■ 
•^ppp vP
L.-:V.•”.■ ■*!
•. 'P:'P-'V Z •WiA PPPYPP-pZ
■ 0-080
0-060
0-10
f o r  d>x  i s  p ro b a b ly  the  most im p o rta n t, because :,th is  s tre s s , 
occurs a t the  - f ib r e - m a t r ix  in te r fa c e  where o the r; s tre s s  * 
concen trV L iG ns/dubLV p /im pe rf e c t ip ]y . 'ia ry  [ l ia b le  /[to1 congregate:, 
where a s . ;5 " :°c c u rs b /in + y  boh t in u o u s ; m a ir ix  where /  o th e r s t  re  sse s
are u n lik e ly D p .y c h ie y e : ' 'pea ilrvadubs90y0';'3 ^ b y : b.bb b b y v 1 
".' E q u a tio n  QRe ,,,ahd; v/hen w r i t te n
in  the  0 f o rV ; 0+ • y y y y y b ’y y  V‘v :0 ; 7 7 • + 1 + 0 9 9 :  . • •" v t :-;.
+-•■•.■ d - T T A d i y i i : y 9  7 y y 7 + y y ;  .-
' * i " 7 :  1 t ( i M 9 9 l ^ :'7  ■0/07^^b7;00:: '7 "7 0 (47)
i t  in d ic a te s ,t h a t '& $ } : tends^ tow ards; a maximum va lue , of, (Vi*-Vf)»: ’ . . •; ■ Q> rn'X. . .’+b-*0 77 / ■'" .' ‘'7':. ■'.' .'77r>, 7 7
which would, have . -. an ■ a'c ademic maximUin o f  0 • 5. b u t 7i y  u n l ik e ly
i n ;p r a c t ic a l  /m a te r ia ls , t.o exdeed:*hbout+ 0 .3v;b 'b y y .  3 * , 0 y *
; 7 ; /. .//0;.:.;'3 ;• 13'7;+/007;+ E q ua tio ns  (45) [and (46) are: n o t e a s i ly
broken  down,, and shou ld  n o t in  any case be t re a te d  to o  V. '
s e r io u s ly ,  in  v iew  o f the. broad assum ptions in v o lv e d  i n ■ t h e i r
d e riv a tio n ;+ 0 :li:  c a ji/b e / shbwn, however'j t h a t  th e y  approach/.
maxima, p ro p o r t io n a l to  Vf), . and;: th a t  .-they become in s e h s it iv e
to  m, whenr; t h is .  is . ' large;;;0sp,v t h a t / t h y  loss; o f  accuracy .
compared w ith  (45) and (46) would n o t be e x c e s s iv e •i f  a
g e n e ta l;fo rm  .i/ere p o s tu la te d : -  9  * s * 0.
• ■003>v::;/0 ,y .;0 /7-0./ / . y (48)
. ... "fJi'T-. " 7.7'7 7.-.- " .. ' -7'-:- .+ ■; > b i d  -i 7 .7 \-y7
where ty, and A  a re  c o n s ta jits . o f fe r in g b  a s u ita b le  • 
f i t  tb ; th e /c u rv e s 0  g iven+by -l45)7an<i0(;i(6)> 0070'//0.0 •./ *7 7 :b /
. 0 / . in  F ig . 9 , th e  va lu e s  o f (48) a re  shown p lo t te d  u s in g , 
. fo r ;  th e  hexagonal a r ra y ,  00y.--y.yy 7 : • . 0/0 v . 0 y.: . . ;v-y
7  ■ £ - .*  -  O 0 6 4 - v f ( v „ - V f )  +
' ■’7 -  : ; * 7 7 + ' 7 i  ' .'7v.7/'.'-•; 7 7 7 7
0 and/ fo r -  th e  square a r ra y , 7 •' ; ...
:/90 07 j L  = 0 *2 5v^(i+  O 'b ' i lv f iv *
i ' /0* drnx. • byyb b ' 03'0/0 ' '003-. . . ,  ... .. ,, .
/0  . y.v These curve  s.have been a p p ro x im a te ly  matched a t- the  b; 
h ig h  V£ end.: o f / t h y i^ g e . , 0 ■ sis; the'; la te ra % ty i^ s A a " ;a re /o £ in O  
im p o rta n c e 0 fo r low  f ib r e ;c o n te n ts .0 ’ y y + y / f y Y /  0.900+ ’
(e) (f)
Fig.10. BASIC UNIT CELL.
4 . P a r a l le l  F ib re  bystem under U n ia x ia l L a te ra l Load ing .
C o n tin u in g  w ith  lo n g , p a r a l le l  c y l in d r ic a l  
f ib r e s  arranged in  the  two b a s ic  a r ra y s , the  e f fe c ts  w i l l  now 
be cons ide red  o f a p p ly in g  u n ia x ia l  lo ad  in  any d ir e c t io n  in  
a p lane norm al to  the  f ib r e  axes.
Under these c o n d it io n s ,  e s tim a te s  are re q u ire d  f o r : -
(a ) Modulus o f e la s t i c i t y  a long the  lo a d  a x is ,
(b ) P o is s o n 's  r a t io  va lues  r e la t in g  la t e r a l  and 
a x ia l  d i r e c t io n s ,
(c )  b ig n i f ic a n t  s tre s s e s  in  a x ia l  and la t e r a l  d i r e c t io n
4 .1 .  Choice o f M odel.
The c y l in d r ic a l  model is  no t s u ita b le  f o r  
la t e r a l  lo a d in g  a n a ly s is ,  and i t  becomes necessary to  
p o s tu la te  a n a s ic  U n it  C e ll which may take  two fo rm s, as 
in d ic a te d  in  F ig .1 0 .
'■ -*• - ‘ A n a ly s is  i s  aga in  based on square and: hexagonal ; • •:;
a r ra y s . In  th e  square a r ra y ,  the  load  axes re p re s e n tin g  
extrem es o f m echan ica l p ro p e r t ie s  l i e  a long  the  sides, and--: p  ■ 
d ia g o n a l o f t h e ■sq u a re ; in  the  hexagonal a r ra y , th e  co rresp o nd in g  
a le s  a lte rn a te  a t in te r v a ls  o f 5 0 °, v • •••' I l p f  . V /
In  e i th e r  case, the  s m a lle s t u n i t  d is p la y in g  the  o v e ra l l  
p ro p e r t ie s  o f the- system is  a b a s ic  c e l l  o r ie n ta te d  a long  /th e  
s tre s s  a x is  and c o n ta in in g  a q u a r te r  o f a s in g le  f i b r e ,  as shown; 
in  "F ig .  10. • P • ' Zip '• Z Z ''' • p; p 'PpP
' / /  When.the volume f r a c t io n  is  s m a ll, as in  ( a) and (b ) in  
F ig .1 0 ,  the  c e l l  has the  form  shown in  ( e ) ; a t la rg e r  f ib r e  
c o n te n ts  o v e rla p p in g  o f a d ja ce n t f ib r e s  occurs w ith in .- th e  
boundary o f th e  c e l l ,  a s l in  (;c/):y (drearies L .(f) .uv ;«
• The’ b a s ic  c e l l  is /  r e fe r re d  to  axes u , v  andpxp u and v 
are re s p e c t iv e ly  p a r a l le l  and norm al to  the  lo a d  a x is  in  the  
p lane  norm al to  x .  ., . p f  ; "pPp p p p .
PPPP ' Z.'p^p/V'p: ! ZZ/:l,’Zv:://Zr7:v':vy:::-'iS iYY-P-’ Yri'Y ■vp~r-;>
4 .2 .  S im ple A n a ly s is  o f B asic U n it C e l l .  / pp-p/py _
The s im p le s t a n a ly s is  which, can bePusbd 
w ith  the  b a s ic  u n i t  c e l l  assumes t ^ a t  the  o n ly  s tre s s  a c tin g , 
w i th in  the  c e l l  is  the  d i r e c t  s tre s s  p a r a l le l  to  the  load: a x is ,  
and th a t  t h is  s tre s s  is  a fu n c t io n  o f v o n ly .
The geom etry f o r  t h is  a n a ly s is  is  in d ic a te d / in  F igw1 1 P
«*— Y Z"Z|ZZ Z
I  ;
• / V :.’Z.pfp. PP;'PPP
(a) No Overlap. Zp ’ ( b) Overlap. /  Z ; Z
Fig.11. SIMPLE ANALYSIS OF BASrC UNIT CELL. . '-:ZZ§Zr:
' . . • •' • .-i ‘ ? * ”v ~- * " V  - P " ' •.* p-p./ —  -• • - * * • * '
•P'P , Tak ing  f i r s t  the  case.-where th e re  i s  no •; •-
. f ib re  o v e r la p , as in  F ig .  11 ( a ) ,  the  e x te n s io n  o f th e  /c e i lP  
• in  the  u d i r e c t io n ,  assumed co n s ta n t f o r  a l l  va lues  o f v , P is : -
,- -v ' ■. P
'/',7-,pZ/P/; : P P ; 
P'- 'M iXPi'PX ' " '
O P  c. O ,
b .£ t c  c rcosB . ccos 6 E *  £f
^ v £ r )
“ 4lh~ • b f r ^  y £  c) (51)
le a d in g  to :
<?«, = R €
«Y\ -  X. I< ( t n ~ l )  c o s  0 (52)
(mi, *® E A , £  (
where a fa c to r  depending on the  lo ad  a x is ' and
a rra y  geom etry, ’ a 1 be in g  the  f ib r e  c e n tre  p i t c h  as shewn in  
F ig .10♦
Res o lu t io n  • a lo n g . the  1 oad a x i s g iv e  s :
. <2U =< <J{l <Xv + I (54 dv (53)
from  which
I k I + -j) (54)
where
and ■»
A,k(m-0
E q u a tion  (52) then  g iv e s :
(?Mo 0 +A k ][ m - k Gh-j)co$ 0]
- 1
<&«o
(55)
1 f Xtk ( W q - O
These exp re ss io n s  are v a l id  f o r  f ib r e
volume fra c t io n s ,  le s s  than  th a t  co rre sp o n d in g  to  the  c o n d it io n  
c = r ,  i :e .  k • Fo r h ig h e r; va lu e s  o f k ,  f ib r e  o ve rla p
occurs and the  b a s ic . ,u n it  c e l l  takes the  fo rm  shown in  i;:ig .1 1 ( KN|
The geom etry o f  the  o v e rla p  system is  d e fin e d  by tin  
ang lesy3 , V , $  , 0, and , g ive n  by :~
StA /3 ■» .2 . _
K k
Slrt
A*k
r' O
a.« 0 C/3 & v)
Jin (£ + Sin 0* = JE.
T  A*k
v to;
~ z , For the  range w it  b in . which @ ,y the  s tre ss . <>0, . .f spv*r* 
g iv e n  aga in  by an e x p re s s io n  o f th e  same- fo rm  a s - in  LhPV*~
29
(57)1 m -  X, k  Cm-0 cos 0 r
I n  the  o v e rla p  re g io n  where 0 -  , the  s tre s s  becomes
E[. 6.
m  -  X ,  k  ( m - \ ) ( cos 9 x  +  cos *
R e s o lu tio n  a long  the  lo a d  a x is  g iv e s : -  z !
/i rs»w y
c. = d u . c \v
7
(?Ht civ (59 )
r i tn/3
le a d in g  to :
Erv\
where ©<4 =
( 60)
Xi fccC*KM> / (X, tcCm-1)]1
•tan
r>s4
i/ m-Xk.Cm'O
and
0
- COS 0J
: V/3 ~Xk(^“'X6c'S0lHcor^ )
and ( 58) then  becom e:-
<2%
^ 0  (N um erica l
S o lu t io n )
(61)
<5Mj _ —-----;..-.J - ,—--------- — —
£ a AjjcGt* + ^ f X w1“At k (m~\K.CosQx^-<ps0 ■'(62)
The g e n e ra l form s o f  s tre s s  d is t r ib u t io n  re p re se n te d  
by eq u a tio ns  (5 2 ) ,  (61) and (62) are in d ie  a ted in  F ig .1 1 . - ■
•z.' In  p ra c t ic e  o n ly  th e  maximum s tre sse s , are o f in t e r e s t ,  
g ive n  in  F ig . 11 as <Zu.j when th e re  is  no o ve rla p  and as; e i th e r  
Ow., o r C>«3 when o v e rla p  'O ccurs. As k in c re a s e s , o ve rla p  r-’ 
commences when r  = c , ^ i : e  when X ^ J  . For sm a ll o v e r la p , !  •
Ou, is  g re a te r  than  0Wj ; b u t the  two become equal when XJc* ^  , 
and the. maximum s tre s s  is  then  <5^  u n t i l  the  f ib r e s  touch  
a t •"•the c o n d it io n  Az k -  J \  + ( h  ZZ. - Z. ■>..
' 30/
'The e xp re ss io ns  f o r  maximum s tre s s  may now be summarised 
in . t h e ’fo rm :-  - ' v-Ay v  V A /a A A zZ z Z ■' :
> <d% ~~ Ci.t A*l c (mfi)] ‘ ' v'
A  ■ Z  X k ( + 0 ; ) ' [ m - \ k f + ) - j : \ - (63)
\ k ftsiLn-2\ k(V-r)y|-(//] / /  : / (*/)■ / •
4 .3 *  N um erica l Values u s in g  S im ple A n a ly s is . Mv " A
In  F igs.. 13r(a nd -14,.-cu rves are p lo t te d  
showing the  v a r ia t io n  w ith  f ib r e  co n te n t o f the  m odu lus-o f 
e l a s t i c i t y  and- the  maximum .s tress, r e s p e c t iv e ly ,  u s in g ', th e / 
fo re g o in g 's im p le  a n a ly s is  and r e fe r r in g  to  fo u r  b a s ic  lo a d ' axes 
shown in  F ig .;12 . The a n a lys is ;(d o e s . n o t in v o lv e  P o isso n ’ s r a t io  
so th e  o n ly (s ta n d a rd  p a ra m e te r.in tro d u c e d  is  the  m odu la r, r a t i o  m 
ta ke n  as 20. . ■ - /A ,-. *\/(-(.-" v • ’ ;( ; (  .
In  term s o f  u n i t  c e l l  p a ra m e te rs , th e  f ib r e  volume f r a c t iq  
i s  g ive n  b y : -  /  " A ; A  ..((-'(A A A;Z.4
V
v* « M s  = I L k k Z Z
7 4  pc 4  '■ v
-  r
CK. A (64-)
SQUARE ARRAY HEXAGONAL ARRAY.
LOAD AXIS: A B D
X , Z Jz A A A rt
A , z zJ z : f h 4,
A  . . . . i r Z . T k - 21Vl/S
Z jLxzz r\ l/3
Fig.12. BASIC LATERAL LOAD AXES.

: y y .; y/ .  . y . * \ ' , yy ; y- y \  ' ) ?)2
F ig s . 15 and 16 show, a lso  fox'* m = 2 0 ,~ s tress ! 
d is t r ib u t io n s  due to  lo a d in g  in  the  A. and 0 d ir e c t io n s ,  f o r  
s e le c te d  va lu e s  o f k . -*■ In  case A, ovei’lh p  does: n o t o c c u r, due *• 
to  the  geometry o f th e  system ; in  case C, o ve rla p  commences a t 
k  = 0 .433* ■ ... y
Vf
Fig.15. STRESS DISTRIBUTION FOR LOADING CASE W.
(SIMPLE ANALYSIS)
Fig.16 STRESS DISTRIBUTION FOR LOADING C A S E  ’
('SIMPLE ANALYSIS)
p   ^ m
4..4;.. D is cu ss io n  o f Simple.; A i^ X y S is /^  Lp& d ing*•
zP.Z P The. a n a ly s is  'o u tlin e d -  i n ’’ thepp re ced in g  
s e c tio n s  n e g le c ts  a l l . second -o rde r e f f e c t s * p i t s ... s o lu t io n s /  f o r  ■ 
la t e r a l  .modulus and lo c a l s tre s s e s  ca n n o t; th e re fo re  be ;P P ' ■ 
expected to  o f f e r  v e ry  h ig h  accu racy , and a n a ly s is  on the  same 
b a s is  f o r  P o lsso n ’ s r a t io  co u ld  o n ly  tend  to  be m is le a d in g .
The curves showing- th e  v a r ia t io n  o f la t e r a l  modulus ,and 
maximum s tre s s  W ith, f ib r e  c o n te n t are b a s ic a l ly  o f the  c o r re c t  P 
fo rm , however, and the  assum ptions made in  the  a n a ly s is  le a d  
to  d e v ia t io n s \ in  m agnitude ra th e r  than  in  o v e ra l l  shape. I t  is  
th e re fo re 1'-w o rthw h ile  to  c o n s id e r in  some d e t a i l  the  tre n d s  
in d ic a te d  by th e  s im p le /a n a ly s is .
4 .4 .1 .  L a te ra l M odulus. . y;:  ^ * .p. P \^
F ig u re  13 g ive s  modulus; curve  s / f o r  
th e  fo u r  s ta n d a rd  lo ad  axes ' shown in  F ig . 12. C ons ide rab le  .. . 
v a r ia t io n  is  e v id e n t;  s t i f f n e s s ,  as5would be expected , i s  h ig h e i 
when the d is ta n c e  between f ib r e  c e n tre s  a long  the  lo a d  a x is  is  
s m a lle r .
In  a p a r a l l e l - f ib r e  system in  which no a tte m p t'h a s : been 
m ade 'to  s p e c i f i c a l ly  c o n t ro l the  a r ra y ' g e o m e t r y a :; m ix tu re  o f  
a l l  fo u r  o f  th e  o r ie n ta t io n s  A to  0 w i l l  be p re s e n t, te n d in g 1 • 
tow ards the  hexagonal form s C and D o n ly  when the  f ib r e  c o n te n t ! 
becomes ve ry  h ig h . - •; PPP/p y/y • • Zj
An average; curve  f o r  la t e r a l  modulus may th e re fo re  be Z •• - -j 
p o s tu la te d , be in g  the  mean o f the  fo u r  cu rves up to  about
0 .7 ,  and th e n  te n d in g  tow ards the  C and D curves as these j 
o r ie n ta t io n s  may be expected to  become p redom inan t. Such a curve' 
i s  p lo t te d  in  F ig .1 3 ,  and is  seen to  l i e  so c lose..:to  cu rve  C 
th a t  th e  l a t t e r  may be ta ke n  as a s u ita b le  average cu rve  f o r  
a t y p ic a l  random -a rray  system . T h is  curve  may. now be e x tra c te d  Jj 
from  the  e a r l ie r  a n a ly s is  and p resen ted  in  the  f o r m : - . /  P
Ffc s | -f j f k O ™ ,  -i) (0 ^  k  4
' sz V3 p  .
where average tra n s v e rs e  modulus o f e l a s t i c i t y
a n d :-
moi< 7$3
/ T  P  fm dtss .  J 3 : — SiVi 0
^ 5  ~ f do '• 2k PP  Pi
Jlv jp (cos<f> *-«xg)
A  - . -
The r e s u l t in g  e xp re ss io n  is  a fu n c t io n  o f m and v f,
2w p
o n l y , (v^. = j | k “ ) ,  and is  p lo t te d  a g a in s t y  f o r  s e le c te d  
va lu e s  o f m in  F ig . 17* '
As these cu rves  ax*e o n ly  app rox im a te , th e  procedure  f o r  
o b ta in in g  them th ro u g h  th e  tw o -s ta ge  e x p re s s io n  (65) seems 
u n d u ly  te d io u s , and i t  would be w o rth w h ile  to  have a s im p le r  
e xp re ss io n  when a q u ic k -c h e c k  on modulus va lu e  is  re q u ire d  f o r  
d e s ig n  purposes. The broken curves in  F ig . 17 are g ive n  by 
th e  .equa tion
where ~f = O 'Z ffO S -- O '0 0 5 0 6  w °  ^
and g =* 4 ‘7/ “  4-34 ' di
T h is  e xp re ss io n  has the  advantage o f in c o rp o ra t in g  . 
a r b i t r a r y  c o n s ta n ts , by ad jus tm en t o f w hich i t .  may be p o s s ib le  
to  accommodate the  e q u a tio n  to  more accu ra te  modulus cu rves - i f  
these  shou ld  become a v a i la b le .
E t
•m
~7 rQo
0  0-2 0-4 0 -6  0-8  0 -9 0 6  vf
Fjg.17 AVERAGE LATERAL MODULUS
(SIMPLE ANALYSIS)
4 .4 .2 .  Maximum S tre s s e s .
F ig . 14 shows, f o r  m = 20 , th e  maximum 
s t re s s  in  th e  lo a d  d i r e c t io n  f o r  each o f  th e  fo u r  lo a d  axes 
A t o  I), u s in g  s im p le  a n a ly s is .
The g e n e r a l is a t io n  o f  th e se  p a r t i c u la r  r e s u l t s  f o r  a 
p a r a l i e l - f i b r e  system  w ith  u n c o n t ro l le d  in t e r n a l  a r ra y  g e o m e tr ie  
c a n n o t, as w ith  l a t e r a l  m odu lus, be reduced  to  a p ro ce ss  o f  
ta k in g  average v a lu e s ,  s in c e  th e  m ain in t e r e s t  in  lo c a l  s t re s s  
v a lu e s  l i e s  in  t h e i r  e f f e c t  on th e  mechanism o f  f a i l u r e ;  and 
t h i s  in  tu r n  i s  a f fe c te d  by peak r a th e r  th a n  by  ..average, .v a lu e s .
A more lo g ic a l  approach w ould  bo based on an enve lope  
c u rv e , as in d ic a te d  in  F ig . 18 ; b u t th e  d i r e c t  a p p l ic a t io n  o f  
t h i s  enve lope  w ou ld  im p ly  t h a t  th e  f i b r e  volum e f r a c t io n  i s  
c o m p le te ly  u n ifo rm  th ro u g h o u t th e  sys tem , even though  th e  
p resence  o f  a l l  fo u r  o r ie n ta t io n s  i s  a d m it te d .  T h is  can n o t be 
so in  p r a c t ic e ;  o r ie n ta t io n  B w ith  a volum e f r a c t io n  o f  0 .7  
w i l l  p ro b a b ly  be p re s e n t l o c a l l y  i n  system s w ith  average 
f r a c t io n s  o f ,  sa y , 0 .5  and 0 .9 *  The s c a t te r  o f  peak s tre s s e s  
i n  t h i s  way in t o  re g io n s  where th e  average peak s t re s s  i s  
s i g n i f i c a n t l y  lo w e r ,  how ever, w i l l  n e t le a d  to  e x te n s iv e  f a i l u r e  
s in c e  lo c a l  f r a c tu r e  due to  h ig h  lo c a l  v ^  w i l l  be u n a b le  to  
p ro p a g a te  th ro u g h  th e  s u rro u n d in g  re g io n s  o f  lo w e r s t r e s s .
F o r t h is  re a s o n , i t  i s  p roposed  a t  t h is  s tag e  to  
in t ro d u c e  a s t r a ig h t  l i n e  la w , as in d ic a te d  in  F ig . 18 , p a s s in g  
th ro u g h  1 a t  v ^  = 0 and th e  13 cu rve  peak a t y  = 0 .7 8 6 . The 
s t re s s  re p re s e n te d  by t h is  fa m i ly  o f  l in e s  w i l l  be te rm ed 
th e  E f f e c t iv e  maximum S tre s s  und e r t ra n s v e rs e  lo a d in g ,  ( ^  •
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(SIMPLE ANALYSIS)
a. An adequate re p re s e n ta t io n  o f  the  assumed
v a lu e  <^c i s  found  to  be g iv e n  b y : -
A
d u  = j +V+(/-27 + C-tZlrr^J ( 7
4 .5 *  M o d if ie d  A n a ly s is  o f  r>asic U n it  C e l l .
To o b ta in  a more a c c u ra te  im p re s s io n  
o f  th e  b e h a v io u r  o f  a p a r a l i e l - f i b r e  system  unde r l a t e r a l  
lo a d in g ,  i t  i s  n e ce ssa ry  to  make some a llo w a n ce  f o r  th e  e f f e c t  
o f  s tre s s e s  g e n e ra te d  a lo n g  axes p a r a l l e l / t o  X and v ,  as d e fm  
in  F ig . 19* S h e a rin g  s tre s s e s  are s t i l l  n e g le c te d ; t h e i r  e f f e c t  
i n  g e n e ra l w ou ld  b e  to  ‘ sm ooth ’ th e  cu rve s  o f  s t re s s  d is t r ib u u  
w ith o u t  s i g n i f i c a n t l y  in c re a s in g  peak v a lu e s  o f  p r in c ip a l  s t r o
Fig!9. MODIFIED ANALYSIS OF BASIC UNIT CELL.
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In , the  assumed, absence o f shear, i s ,  as b e fo re , ,
a fu n c t io n  o f v o n ly ,  and d v s im i la r ly  a. fu n c t io n  o f u 
o n ly ;  and w i l l ,  however, be fu n c t io n s  o f b o th  u and v .
For the  system shown in  F ig . 19? the  e q u a tio ns  fo r .  s t r a in  
and e q u il ib r iu m  in  the  c o -o rd in a te  d ir e c t io n s  due to  an a p p lie d  
la t e r a l  s tre s s  <3,, a re , in  a c e l l  n o t in v o lv in g  f ib r e  o v e r la p ,
Ej. - Vf (<9+<2v) - ^ it, - mV*\ ^ 3  + <9) (68)
CasQ
(3a,fm-X,k(m-Ocoj0] - M<['%[(<4* *<L)d(£) + mtN (<w + ^v)°*(f)] (u-~r)
J.
*,k
,\k
s (u<*r)
‘ Sm O
<m &
K k
(69)
£j.£v = 7,f.-Kw**')*"®) [+ j(4+7«f(/)+t"1''n I(7*4+)+ (V)] ( W +
i o *v» ©hk
=■ ^<oV l (vpr)
COS&
i
J
O o'
_u f Aik
J
cot© t o
a.Nt
+  ■ * 0
(70 )
(71)
(72)
(73)
In  g e n e ra l, the  c e l l  faces p a r a l le l  
tb  p lanes -uv and Xv rem ain  p lane  and . p a r a l le l , so th a t  6*. ana.63 
are. c o n s ta n t. The upper face  o f the  c e l l ,  however, i n i t i a l l y  
p lane  and p a r a l le l  to  p lane  uX, may be e i th e r  p lane o r d is to r te d :  
depending on w hether lo a d  i s  a p p lie d , a long  a x is  A, ( F ig . 12),. o r 
a long  .one o f th e  axes B, C o r D. The modes o f d is t o r t io n  and 
th e  c e l l  boundary s tre s s e s  f o r  th e  two ,cases are in d ic a te d  in  
F ig .20•
4-0
Load Axes B,C, D.
F ig .20. DISTORTION MODES AND CELL BOUNDARY 
STRESSES. (MODIFIED ANALYSIS)
For lo a d in g  a long  a x is  A, symmetry 
re q u ire s  th a t  th e  upper c e l l  boundary rem ain p la n e , so th a t  
th e  o v e ra l l  s t r a in  in  the  v  d i r e c t io n  is  c o n s ta n t.
For a u n ifo rm ly  .s taggered  a r ra y ,  re p re se n te d  by lo a d  a.xs 
B., C and D, i t  i s  neccesary to  c o n s id e r two co n tig u ous  c e l ls  
in  which th e  sum o f o v e ra l l  v ~ s tra in s  w i l l  re m a in .c o n s ta n t 
w h ile  the  i n t e r - c e l l  boundary d is to r t s  as shown in  the  tipper 
r ig h t  hand diagram  o f  F ig .20.
I t  is  p o s s ib le  to  feed  these  a l te r n a t iv e  v - s t r a in  
c o n d it io n s  in to  e qua tions  (68) to  (73) and a r r iv e  a t exact 
s o lu t io n s  to  these  e q u a tio n s , o f fe r in g  the  form  o f v - s t re s s  
d is t r ib u t io n  in d ic a te d  by the  s o l id  l in e s  in  the lo w e r 
f ig u re s  above. The a n a ly s is ,  however, is  c o m p lic a te d , and 
s in ce  the  i n i t i a l  assum ption o f zero/.' shear c o n d it io n s  leads 
to  some e r ro r  in  the  r e s u l t ,  th e re  is  j u s t i f i c a t i o n  f o r  the  
in t r o d u c t io n  o f  fu r th e r  a p p rox im a tion s  w h ich  would s ig n i f ic a i
.A • '• ■; •* • ' ' . • - : - . ’ • A /. ' '.zA v ; ■ ' • 41 j
s im p l i f y  th e  a n a ly s is  w ith o u t in c re a s in g  th e  o v e ra l l  e r r o r  ;
t o  an unreasonab le  e x te n t .
On th is  b a s is ,  i t  w i l l  be assumed th a t  the  boundary stressed 
in  the  v - a i r e c t io n  have n e g l ig ib le  e f fe c t  on the  s tre s s  and j 
s t r a in  d is t r ib u t io n s  in  the  u and X d ir e c t io n s ,  and th a t  f o r  the: 
purpose o f e s t im a tin g  Vvw> th e y  may be a d eq u a te ly  re p re se n te d  by 
th e  broken l in e  d is t r ib u t io n s  in  F ig .20.
. I n i t i a l  a n a ly s is  . th e re fo re  n e g le c ts  ( v  c o m p le te ly , and 
lea d s  to  exi>ressions f o r  , e , and
. The l in e a r  form s assumed f o r  i v may then  be in tro d u c e d  
f o r  assessment, o f t ^ o n ly .
In  a l l  th e  f o l lo w in g . a n a ly s is , the  u n i t  c e l l  used does 
n o t in c o rp o ra te  f ib r e  o v e r la p .
P u t t in g  “ 0 , e q ua tio ns  (68) to  ( 72) deve lop  in to :~
Ef = L, Cm- - \,k [vf df*. cwb -fmw,, d^ “ **$)] <W)
-  W l ^ C W  ( v ? r )  ( 7 5 )
JL.jt*0
E f XaA [Af {(df*. + <A(l£) + /wTVi (VriA. + 1 (A<r)
0  ^ « n*& .
Xu.
- \ k ^ i P m J ( d ^ + L ) ^ ( y )  ( * ” )  ^76)
0 JL7 Kk
<£j* c& e + (7^  * (os0)d(z) i,, J(y) : QJ- (77)
K l< jd<A' A(x) + ^ <5U, (78)
, From th e ’ above e q u a tio n s ,
•£> a, +• ott Xa ANXH —■ — .... — ------ ----- ---—
^3 + ^2. k (*<*4 •+ *%£ X| k + o(-i) (79)
EX ss I *“* Acu. Xxk(A(-i)f ^ 1
n l)J (80)
<5*u, /    fAw- Xik.(tin— )
*14 [ y y \ ( l -  -  X k  [ ( A - i ) -  ( t o V n r - t y f a s e )  j ( 8 1 )
g. fVI (l — 17(h)
fi [ t V l - t v + K U w - O j  ('8 2 ')>1*0
C>ua Eu;
~ r*. (81)
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(83)
In  (7 9 ) ,
a,, = 13k [(m -0 -  (V itv '-l'f')]
a2 = im Vf ( I- 1>„») -  v„ (I- Ufl )
a7 — (m-i) “ (nv.y- Vf>) s p"5 -
a,, = t>1M [-2™ ( l-t^JCvw*^ - -PUfa-0 w jm v p - vp)] -  m 'C'V**) (K»-g£L 
4 (M-|)- (W^-tf4)
a 1>*76 . Cf»i~i) — (^v,A~
n r 1 rx---------7 (<? *. \ b  [(m-l)-UV-l'flj j
, ‘ T { r h f ^ ' f p r p  !  }
A l l  the  above.fu n c t io n s  are 
co n s ta n ts  f o r  a g ive n  co m b in a tio n  o f f ib r e  and m a tr ix  m a te r ia ls  
except f o r  o d w h i c h  in tro d u c e s  th e  f ib r e  volume param eter k .
To f in d  e xp ress io ns  fo r. V V(l , i t  is  
now necessary to  in tro d u c e  the  id e a lis e d  dv d is t r ib u t io n s  
in d ic a te d  in  F ig . 20.
For Load A x is  A, th e  v - s tr e s s  a t u -  0 (P o in t 1) i s  ta ken  
to  be^C?^ , in c re a s in g  l in e a r ly  to ( ir ^ )^ v 0 a t u : = r  and re m a in in g  
co n s ta n t a t t h is  va lu e  to  u = b . (P o in t 2 ) . . The assumed 
d is t r ib u t io n  s a t is f ie s  e q u il ib r iu m  in  th e  v  d i r e c t io n  f o r  a l l  
va lu e s  o f Sv0 , and th e  a p p ro p r ia te  va lu e  o f 6v0 is  ’g iv e n  by 
the  c o n d it io n  th a t  th e  o v e ra ll-  v - s t r a in  6V i s  c o n s ta n t; t h is  
i s  taken  to  be a p p ro x im a te ly  s a t is f ie d  i f  th e  s t ra in s  a t 1 
and 2 are e q u a l, i : e  i f : -
(85)
From the  p re ce d in g  a n a ly s is ,  w ith  the  assum ption th a t  d v
has no e f fe c t  .along the  u and X axes.,
B ~ pyu a Vxufa-hk^ -Vf)) -vJlfV„) y  + X, kjrMfm^ V,1)-v/Yk-ty)]f +- Px« U~Vf-X<<6 ~>) 1
6u. ' £n< . , 1 ( m - i ) - O J
•' *. ■ ; v ' 3  ' . ■ 4 9
A ls o , u s in g  (85)?
= ~H* =■ vxwvM - + m ^ 3 / 5 X E ;3y Vf
y  ^  £f£u V 2 -W
( 86)
E^e) .2- >,!</ (87)
From (86) arid (87)?
3  ( y  (as)
£Tf£ aL C
(?Vo may now be found from  (88$ and s u b s t i tu e d .back in  (87) 
to  o b ta in  V  f o r  Load Axis. A. . . . .  - , 3 ..
Fo r lo a d in g  a long  axes B, G and D, the:
c o m p a t ib i l i t y  c o n d it io n  f o r  a d ja ce n t c e l ls  to  have a common 
boundary in  the  uX p lane  w i l l  produce a d y d is t r ib u t io n  w hich i s  
sym m e trica l about a c e n t r e l in e ,  and a boundary d is t o r t io n  curve  
which is  skew sym m e trica l about the  same c e n t r e l in e ,  as in d ic a te  
in  F ig . 20*. The v - s t r a in  on t h is  c e n tre l in e  w i l l  be th e  average 
o f  th e  end v a lu e s , i : e
Z.6vi ~ 6vy + y  (89)
Assuming th e  d d is t r ib u t io n  to ' be l in e a r  between d y0  a t 
th e  c e n tre  ( p o in t  3) and -  o a t the  ends , (1 and 3) ? 6\_ is
V O  . V yj
s t i l l  g ive n  by (8 6 ) ,  w h ile  ‘ .
<=u ^  (90)
and
£v?_ e -VVik = -L 0+ +£V0) = VKW(v^-KkCvHx'-lf)si>\Qi — vh, (ifvm) it 4^jLk.[Mt>n,6iv„)- vtfuvf.)] RbUu VJ+ + 7+) 1
6* Z6u- EiH L mCi-vm4 J
+ i f 0 (tn- \zU(m-i) 5.« g ) (91)
Then from  (89)? (8 6 ) ,  (90) and (91)? d>vo is  g ive n  b y :~
£f€u ( ihci-vm1-) 6v--i)-()>it/*i-y) '■ (/ • - (9 2 /
In  the  above e x p re s s io n s , o when
. v , 3
<? = xa fyo -yu -M i]i wCl-71)
4 .6 .  A l te r n a t iv e  Forms o f A n a ly s is .
The c o m p le x ity  o f the  e xp re ss io n s  
developed in  th e  p re ce d in g  s e c t io n  suggests th a t  i t  c o u ld  be 
u s e fu l to  lo o k  a t some a lte r n a t iv e  form s o f  a n a ly s is  f o r  
la t e r a l  lo a d in g .
Three such systems which may be co n s id e re d  here a re :- ;
(a ) Approxim ate assessment o f P o isso n 1s r a t i o
by ta k in g ' average la t e r a l  s t r a in s  from  the  s im p le  a n a ly s is  o f 
s e c t io n  4 .2 .
(b ) S im p l i f ic a t io n  o f the. B as ic  U n it  C e ll to  form  
a B lock  Model.
(c )  C o r re la t io n  o f  m odu li and P o isso n 1s r a t io s  
b y ( th e  R e c ip ro c a l Theorem.
4 .6 .1 ,  E x te n s io n  o f Simple; Theory .
C o n s id e rin g  f i r s t  th e  problem  o f 
■ eva lua ting  77**, t h is  may be g r e a t ly  s im p l i f ie d  i f  i t  i s  
assumed th a t  th e  s tre s s e s  and b rou g h t in to  p la y - in
o rd e r to  keep c o n s ta n t when lo a d  is  a p p lie d  a long  th e  u a x is ,  
have no' feedback e f fe c t  on th e  a p p lie d  s t re s s ;  These s tre s s e s  
are then., g ive n  a p p ro x im a te ly  b y :~
(pm>c - (Ex. ~ ) v Am (Ex ) (93)
dfr » Ef (C- efXo) = Ej(B  I n - & )  (94-). *, v . C* J p,
where and are s t r a in s  due to  ( ^ a c t in g  a lo n e , and c?u 
i s  assumed to  be g iv e n  by eq u a tio ns  (55) Tor a c e l l  w ith  
no o v e rla p .
U sing e q u a tio ns  (55)> (77) > (93) 
and (9 4 ) ,  i t  can be shown th a t
(' es f Ajtk 6 0(^ -1) (95)
S im i la r ly ,  an approxim ate  e s tim a te  o f can be, o b ta in e d  
by  assuming th a t  th e re  i s  no feedback from  where the  
l a t t e r  is  o f the  sm a ll m agnitude r e q u ire d ; to  m ere ly  c o n t r o l ,  
th e  c e l l  boundary p r o f i l e .  I t  i s  found , however, th a t  th e  ■' 
p lane  boundary case f o r  Boad A x is  A i s  o n ly  s l i g h t l y . le s s  
co m p lica te d  th a n  th a t  le a d in g  to  e q u a tio n  (8 8 ) ,  so th e re  is  
l i t t l e  to  be ga ined  by d e ve lo p ih g  t h is  approach;
For the  s tagge red  a rra y s  co rre sp o n d in g  to  Boad Axes B.,C,D,
a s im p le  a n a ly s is  may be based on the  s u p p o s it io n  th a t  (v 
i s  n e g l ig ib le  f o r  these cases, and th a t  the  v - s t r a in  may be 
ta ke n  as the  average o f the  s t r a in s  6v\ (u  = 0) and <=\ (^u = b) 
The e f fe c t  o f c o n s t ra in t  in  the  X d i r e c t io n  i s  a ls o  
n e g le c te d . Then, i t  i s  found th a t
(96)
(97)
le a d in g  to :
(VtfiT ^ 3 [oitp+'Ffj)T
4 .6 .2 .  B lock  Model A n a ly s is .
The s im p le s t form  o f u n i t  c e l l  may 
be o b ta in e d  by re d u c in g  the  f ib r e  quadran t to  a square b lo c k ,  
as in d ic a te d  in  F ig . 21.
Fig. 21. BLOCK MODEL.
The m a tr ix  is  s p l i t - i n t o  th re e  b lo c k s , 
and i t  is  assumed th a t  in te r fa c e s  can t ra n s m it  o n ly  norm al 
s t re s s .  In te r fe re n c e  ;a t th e  ju n c t io n  o f the  fo u r  b lo c k s  is  
n o t taken  in to  accou n t.
For lo a d in g  in  the  u ~ d i r e c t io n ,  the  e q u a tions  f o r  
s t r a in  and e q u il ib r iu m  are th e n : -
^ ^99)
-h&KjjJ (100)
-= ~r [(z>X, - Dm (du^ f- <3V/j.)l (101)CHi *•
* ( 102)
(d«, ~ Vf (dx., ■+ dv,j)^ (103)
-  ^CLd f f t - K ,  (dx3 +dvL ^  f  ~  ~~ Rm C^ xa + dv() ^ ' ' (104)
Xi. +-duj) f (dy-Vf Cd^ + dn,]) (10>)
' ^Yl * c ^x3f^l) +5 (dv^v^ldx^+dnj) ) (106)\ fc-iv> e**v\ /
+ 5(c-s) ^  + 6>*Xb-sV*3 + 5 d-s) ^  = Q (107)
Cb~$)d, + 5 ^ ^  (108)
* <?«, + &•*)■<£* r c ^u0 (109)
. ' The two a l te r n a t iv e  boundary c o n d it io n s  to  
be co ns ide re d  a r e : -
(a ) Free Boundary, d e fin e d  by <?v, ® <dvu = 0 , 6v, £ 6vt
(b ) P lane Boundary, f o r  which €v, = <£v^ * 6v; dv, I  dv^ . Z O
In  the  f i r s t  case, i t  is 's e e n  th a t  so th a t  th e
above equa tions  may be expressed in  the  fo rm :~
dx.t ?>f <?a, - £1 6X - O
d - £*,6x. - O 
A - Vm dn{ - £P 6x ~ ^
k V t d x ,  4 «* Gn-(m-Ok, 1 du. + Mi £*,<£«. * 0  N
% , / (110) ~tP <?** + -£w €ni0
ka.'Pf. d ,  4 mt>m  ( t ' U j J  d x z 4- k x (4, 4 m t y  0-lfx)^«a- + M  6 M  £ V| .
0- U  ^  +■ kx^ <4^  -f k*Vrt, <4, +■ Vtvi + E,n 6vx =
k { k ,_ d x , 4* •* <?
k^  <4, + d(— kj)dut^  " <»u,
‘ If s Jff
wker^ ’ *>
Using these  e xp re ss io n s , and ta k in g  s t r a in  in  
th e  v  d ir e c t io n  as the  average o f and , a n a ly s is  leads 
to  th e  fo rm s :-.
where:
Eu „
fcM *b
TZxa. ~ A*3^
- J~
- a ,- O c*. c3
k ' Cs c6
4 • Cg 0
A - c< 0 c3
c4 *>. c<
C7 K  0
Pi c c, Cl 0
C5 1>,
C T C? h
. V c, C3
c< Cs C*
C7 Cy 0
( 111)
( 112)
(113)
k* I-UP 
k* -v*
c*-s Vn-U,(v„-vf-)T
Cs = - £ f
% = A  0-*vj 
C5 - T+i Cl— /ti.)
6^ - £/rt0"4) 
c7 - - k( k2 Cv^ tf) 
c% - C/ + 6»i-»)M ka,l
For th e  P lane Boundary C o n d it io n , a n a ly s is  
depends on a l l  o f e q ua tio ns  (99) to  ( 109)7 and co nse q uen tly  
becomes more c o m p lic a te d . The re le v a n t f i n a l  exp ress io ns  are
Ek
1L.
J - . i
- A
- &  
p.
(715)
where, c o n f in in g  a n a ly s is  to  the. square a r ra y  so th a t  k /p k g -k ,
e, et e4 0 V C, 4 4 0
C5 0 efc C 7 0 Cs <p 0 e7 0
Cfi- O eU Cy 4 O C|i
<9 c,a e.i O a I^Z O e,,
^5 <2.7 0 0 e.s O 0
e, Cz Cj 4 0 A f x e, £4 d,
& 0 Ct 0 0 a e7 0
ey e7 €(c 4 e,i C|U P 4
0 e.v 4 © eti Cij 0 4
«is eii «I7 4 0 e,s Zt 0
<?,»- (t'h)[a~k)«( t~ ps) -tun-vf1)]
Ct  » kl
es = -k* [v„-U(vm-tf)]£^
1 * i-fp"*5' 1 = -rq+hci-Bi)
« -V,»En s T'f-Ci+Vf-)
%4 = (h w i -v ) -t-ua-if.*
e,o *
TOl L - |V\ GfV*
(Wz = UCt-H,1) 
e,3 * O+ltv&v,
— C'k)£/t, 
ec - 
e,t =
!<; f.-fv* <**■ ' Vf l+VH
If - _ «*3: -C+kkftftV,)
i » * ( kP( I V^O+U ({'  o f )
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: y  ' 4 .6 ,.3  • R e c ip ro c a l A n a l y s i s " ;+/■
In  a n iso trop ic  m a te r ia ls ,  a u s e fu l 
r e la t io n s h ip  between e la s t ic  co n s ta n ts  re fe r re d  to  o rth o g o n a l 
axes may he o b ta in e d  by a p p ly in g  C le rk  M a xw e ll’ s R e c ip ro c a l 
Theorem to  a u n i t  cube, as in  F ig .22.
Fig. 22. MODEL FOR RECIPROCAL ANALYSIS.
Supposing u n i t  s tre s s  to  be a p p lie d  p a r a l le l  to  each 
a x is  in  tu r n ,  the  la t e r a l  s t r a in s . f o r  each case are g iv e n  
by the  fo l lo w in g  e x p re s s io n s : -
(9  = h
by, * IA
* I ■:
C = - * V IEx.
( ^ . J_
-  -*£*■ IEu.
6vu II I 7 £ m.
| s
Ev
- -He,. x
. By the  R e c ip ro c a l Theorem, 6Vu- 6 +
so t h a t : - 9 W  ^ e;
4x-
jcy =:
-  Eu (117)
n
4.7-. D iscu ss io n  o f A l te r n a t iv e  Analyses f o r  ■ L a te r a l . . 
Load ing .
The s e c t io n  on la t e r a l  lo a d in g  
a n a ly s is  was opened by the  development o f  a s im p le  a n a ly s is ,  
n e g le c t in g  a l l  s tre s s e s  o th e r than  those in  the  load  d i r e c t io n ,  
which le d  to  e xp re ss io ns  o f s im p le  m athem atica l form  fo r  
th e  la t e r a l  modulus in  a com m ercia l p a r a l l e l - f ib r e  com posite  
o f m ixed a rra y  o r ie n ta t io n .
A lte rn a t iv e  methods o f a n a ly s is  were th e n  in tro d u c e d , 
in te n d e d  to  be e i th e r  more accu ra te  o r more s t ra ig h t fo rw a rd ,  
and i t  is  now necessary to  in v e s t ig a te  the  apparen t accuracy o f 
th e  la t e r  approaches in  com parison w ith  th a t  o f the  o r ig in a l .
Comparison w i l l  be c a r r ie d  out u n d e r . th e  th re e  h e a d in g s :-
(a ) L a te ra l modulus o f e la s t ic i t y - ,
(b ) Maximum s tre s s e s , .
(c )  P o is s o n 's  r a t i o  va lues..
4 .7 *1 *  L a te ra l Modulus o f E la s t i c i t y .
Comparison under th is ,  head ing w i l l  
be co n fin e d  to  Load Axes A and C fo r  square and hexagonal 
a rra y s  r e s p e c t iv e ly .  (See F ig . 1 2 ). Unless o the rw ise  s ta te d , 
s ta nd a rd  va lu e s  are used f o r  m, l ^ a n i  .
For the  s im p le  a n a ly s is ,  the  re q u ire d  va lu e s  are g iv e n  by 
the  e q ua tions  (54) and (6 0 ) ,  u s in g  the  param eters ta b u la te d  in  
F ig .1 2 ; the  r e s u l t in g  cu rves have a lre a d y  been p lo t te d  in  
F ig . 13*
More d e ta i le d  a n a ly s is  o f the  b a s ic  u n i t  c e l l ,  in t ro d u c in g  : 
the  e f fe c ts  o f la t e r a l  c o n tra c t io n ,  leads to  e q u a tio n  (80) f o r  
th e  c e l l  w ith o u t f ib r e  o v e r la p ; t h is  depends in  tu rn  on the  
p re l im in a ry  c a lc u la t io n  o f from  (7 9 )*
I f ,  a tte m p tin g  a d i f f e r e n t  form  o f s im p l i f ic a t io n ,  the  
b a s ic  u n i t  c e l l  i s  id e a lis e d  in to  the  b lo c k  model o f  F ig . 21, 
'e x a c t ' s o lu t io n s ' are "o b ta in a b le , g iven, b y 'e q u a tio n s  (111) 
and (114) f o r  th e  ' f r e e '  and 'x>lane' c o n d it io n s  re s p e c t iv e ly  
o f th e  upper c e l l  fa c e . These correspond in  tu rn  to  the  - - 
hexagonal and . square a rra y s  under loa d  axes C and A.
For the  b lo c k  m ode l,
v f  = ' ' ( 118 )
and k^ = k^ f o r  the  square a r ra y ,
X j = 0.8663^2 f o r  the hexagonal a r ra y
(119

•9 - ' ' by. ■ v / y : .■ +0 •. ; by; - 51
The th re e  cu rves in  F ig .23 a l l  
r e fe r  to  lo a d  a x is  A - in  th e  square a r ra y ,  as in d ic a te d  in  the  
f ig u r e .  The s im p le s t a n a ly s is  g iv e s , over most o f the  v^  ra n g e , ; 
the  lo w e s t va lu e s  o f E^; approxim ate, c o r re c t io n  o f t h is  a n a ly s is  
f o r  Po isson e f f e c t ,  u s in g  s tanda rd  v a lu e s , ra is e s  the  va lu e  o f 
Eu ,by an amount re a ch in g  a maximum o f about 10/3 a t v^. = 0 .4 .
T h is  change is  c le a r ly  to o  la rg e  to  be n e g le c te d .
The t h i r d  curve  is  ob ta in e d  by use o f e q u a tio n - (114) f o r  
th e  b lo c k  model; i t  agrees f a i r l y  w e ll w ith . th e  m o d ifie d  
s im p le  a n a ly s is  va lu es  f o r  lo w e r va lues  o f v f , b u t f a l l s  away 
a t h ig h e r  va lu e s  th ro u g h  f a i l i n g  to  take  in to  account th e  
lo c a l  s tre s s  c o n c e n tra t io n  e f fe c t  as a d ja ce n t f ib r e  p e rim e te rs  
approach each o th e r .
P ig .24 shows a 's im i la r  group o f 
cu rves f o r  lo a d  a x is  C in  a hexagonal a r ra y .  I n  t h is  case the  
m o d ifie d  and b lo c k  model cu rves have o n ly  been computed f o r  
v^ va lu e s  up to  the  o ve rla p  th re s h o ld s  o f  0 .6 8  and 0 .786  
r e s p e c t iv e ly ;  the  t re n d s , however, are seen to  he the  same as 
f o r  th e  square a rra y  curves o f P ig .23? and i t  seems reasonab le  
to  take  the  cu rves r e s u l t in g  from  the  m o d ifie d  s im p le  a n a ly s is  
as be in g  the  most accu ra te  o f those o b ta in e d  in  the p rece d in g  
s e c t io n s .
In  s e c t io n  4 .4 .1  i t  was shown th a t  the  curve  o b ta in e d  
f o r  a long  a x is  0 u s in g  simp>le a n a ly s is  c o u ld  be ta ke n  as the  
average curve  g iv in g  the  g e n e ra l la te r a l ,  modulus E^.. The curve 
was then  re la te d  to  an approxim ate  m a them atica l e xp re s s io n , 
g iv e n  by e q u a tio n  (6 6 ) .  I f  the  0 -a x is  curve  g ive n  by the  
m o d ifie d  a n a ly s is  is  now take n  to  re p re s e n t, ra th e r  more g 
a c c u ra te ly ,  the  E^_ curve  f o r  a mixed a r ra y ,  i t  becomes 
advantageous to  have a s im i la r  m a them atica l e xp re ss io n  f o r  
t h is  c u rv e . Such an e xp re ss io n  sh o u ld , s t r i c t l y  speak ing , 
in v o lv e  Vy and as w e ll as the  param eters v^  and m used in  
(6 6 ) ,  b u t these  va lu e s  o f P o isso n 1s r a t i o  are r a r e ly  a v a ila b le  
in  p r a c t ic e ;  the  e xp re ss io n  w i l l  th e re fo re  ta ke  the  same form  
as in  (6 6 ) ,  and th e  s tanda rd  va lues  =0.25 and ty  =0.35 w i l l  
be in c o rp o ra te d  in to  the  n u m e rica l c o n s ta n ts . D e v ia tio n s  o f 
th e  t ru e  from  th e  s ta nd a rd  V  va lu es  are u n l ik e ly  to  a f fe c t  the  
curve  as much as the  assum ptions a lre a d y  in v o lv e d .
The v a r ia t io n  o f E^_ w ith  m f o r  a g ive n  va lu e  o f v^, w i l l  
b e ta k e n  to  have the  same form  as in  s e c t io n  4 .4 .1 .

.. A s u ita b ly  m o d ifie d  form  o f ( 66) is  then  found by 
assuming th a t  f o r  a g ive n  va lu e  o f v^  a l l  Eu curves f o r  v a ry in g  
va lu e s  o f m.have t h e i r  o rd in a te  inc re ase d  in  the  same p ro p o r t io n , 
as does'/the curve f o r  m = 20 v /p lo t te d  in  F ig ,2 4 .
The co rre sp o n d in g  e q u a tio n  becomes:™
 ;e ( 1 2 0 )
t .
where ^  = 0 \2+!1 +■ -7*57 w 
. and 9 f - 4 ’Z  -  $'7? m
4 .7 *2 . Maximum S tre s s e s .
• I n  s e c tio n  4 .-2 . , e xp ress ions  were 
o b ta in e d  f o r  the  maximum s tre s s e s  I n  the  b a s ic  u n i t  c e l l  under 
la t e r a l  lo a d in g ; these were g iv e n , f o r  th e  s im p le  a n a ly s is ,  
by eq ua tions  £5?)? (67) and .(6 2 ) ,  and are p lo t te d  f o r  th e  
fo u r  s ta nd a rd  la t e r a l  axes A, 13, C, P in  F ig.. 14. A b la n k e t 
e xp re ss io n  was d e r iv e d  f o r  th e  e f fe c t iv e  maximum s tre s s  ■<£(. , 
and reduced to  th e  form  g ive n  in  ( 67)*
I t  is  now necessary  to  examine the  e f fe c ts  o f subsequent 
m o d if ic a t io n s  to  th e  a n a ly s is ,  and see w hether ( 67) re q u ire s  
reassessm ent.
Comparison w i l l  be based on the  ’ f re e  boundary1' c o n d it io n  
as g ive n  by eq u a tio n s  (81) and (8 2 ) ,  as the  fu r th e r  e f f e c t  o f 
boundary c o n s t ra in t  w i l l  be sm a ll compared w ith  th a t  o f : the  
m o d if ic a t io n s  le a d in g  to  these  two e xp re s s io n s . To s im p l i f y  
a n a ly s is  f u r t h e r ,  o n ly  th e  square a rra y  under lo a d in g  a long  
a x is  A w i l l  be co n s id e re d , as tfh e re . i s  then  no f ib r e  o ve rla p  
and (81) and (82) rem ain v a l id  f o r  the  f u l l  v ^  range .
The maximum s tre s s  f o r  m o d ifie d  a n a ly s is  is  then  o b ta in e d  
by! p u t t in g  9 = 0 in  (81)., w ith  A, = 2 f o r  a x is  A. Then:,
(dm- ^  ~~ kza. [  2 k (tVn- Vf )J )
• ( 121)
where and are g ive n  by ( 79) and (80): w ith  
\  = Yr- = 2.
The r e s u l t in g  cu rve s , from  (65) and (1 2 1 ), are ' p lo t te d  in  
F ig .  25. S tandard  va lue s  are used f o r  m, +j_ and vw . v
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F ig .25 suggests th a t  F'oisson e ffe c ts ,  
a re , in  t h is  c o n te x t ,  sm a ll enough to  be d is re g a rd e d , so th a t
th e  a n a ly s is  in  s e c t io n  4 .2 .  remains adequate f o r  p r a c t ic a l
/ • ’ •X>urposes.
4 .7 *3 *  Values o f P o is s o n 's  R a t io .
Under u n ia x ia l  la t e r a l  lo a d in g , 
a m ix e d -a rra y  system w i l l  e f f e c t iv e ly  d is p la y  o n ly  two o v e ra l l  
v a lu e s -o f  P o iss o n ’ s r a t i o ,  namely V - and . The fo rm e r
va lu e  re la te s  a x ia l  to  la t e r a l  s t r a in ,  and the  l a t t e r  the  
two m u tu a lly  p e rp e n d ic u la r  la t e r a l  s t r a in s .
C o n s id e rin g  f i r s t  the  r a t i o  , a va lu e  f o r ' t h i s  may
be o b ta in e d  by ta lc in g  the  average o f the  va lu e s  o f f o r
th e  s tanda rd  axes A, B, C and X). For each o f these axes ,
' ' . - X  . . . Y- : . : :■ ,  ■ V .. V b , . . . 55
a. s l i g h t l y  d i f f e r e n t  curve  may be o b ta in e d  fo r. xu By ‘ b"- ; 
a p p ro p r ia te  ad justm ent, o f  th e  a rra y  param eters k ^ ^  and X 2 
in  the  p reced in g  a n a ly s is .  The work o f e a r l ie r  s e c t io n s , however, 
has suggested th a t  f o r  a m ixed a rra y  the  average curve  f o r  an 
e la s t ic  co n s ta n t approaches th a t  f o r  lo a d in g  a long a x is  C in  th e  
hexagonal a r ra y ;  so i t  w i l l  be assumed th a t  th e  same tendency 
ope ra tes f o r  V  . --O.U.
On t h is  b a s is ,  fo u r  curves f o r  72L ,UL
u s in g  s tandard  v a lu e s , are p lo t te d  in  P ig .26. These are re spec­
t i v e l y : -  '
1 • V -  . f o r  a x is  0 , d e r iv e d  from  th e  b a s ic  u n i t  c e l l ,  w ith -Xll
th e  assum ptions
(a ) v -s tre s s e s  n e g l ig ib le ,
(b ) u -s tre s s e s  u n a ffe c te d  by feedback from  
x -s tre s s e s  genera ted  by c o m p a t ib i l i t y  c o n d it io n  in  x - d i r e c t io n .
The a p p ro p r ia te  e q u a tio n  i s  (95)
2 . 'V  f o r  a x is  0 , d e r iv e d  from  the  b a s ic  u n i t  c e l l  w ith  xu
v~ s tre sse s  s t i l l  n e g le c te d , b u t feedback from  x -s tre s s e s  taken  
in t o  a ccoun t. T h is  corresponds to  e q u a tio n  (79).
5. V -  f o r  a x is  0., d e r iv e d  from  th e  b lo c k  model w ith  
the  same assum ptions as in  2 above, and u s in g  e q u a tio n  (112)
■ ' ' - h t  o b ta in ed  from  equ a tions  (117)> in  the  form  ;
= & ■  n * .  ('122)
fcust
where. g iv e n  by e q u a tio n  (43)?
by e q u a tio n  (120) 
and E. by e q u a tio n  (56)
Fig. 26 . POISSON’S RATIO fo r  LATERAL LOADING.- VxU, V * .
I t  i s  seen from  F ig . 26 . th a t  the  
fo u r  curves agree re a so n a b ly  w e l l ,  so th a t  any one- o f them 
c o u ld  be used as an approx im ate  g e n e ra l curve  f o r  a.' m ixed a r ra y .
A n a ly t ic a l l y , e q u a tio n  (95) is  the  s im p le s t o f th e  g roup ; 
when a p p lie d  to  A x is  . 0., . i t  ta ke s  the  fo rm :-
V  ~ /3 Vm 6h~Q4-4k dn-g - V* X -‘)
•• j3(ir\-0[ i+ <Hvi)vfl; ; . - (125)
T h is  e x p re ss io n  g ive s  the  lo w e s t curve  o f the  g roup , 
b u t the  spread o f the  cu rves is  n o t so g re a t as to  in v a l id a te  
any one o f them in  th e  absence o f fu r th e r  in fo rm a t io n .
I f  th e  c o n s t itu e n t  co n s ta n ts  in  th e  r ig h t  hand s id e  o f 
e q u a tio n  (122) are a v a ila b le , ,  t h is  would p ro b a b ly  g ive  ra th e r  
b e t te r  r e s u l t s ,  b o th  from  the- p o in t  o f v iew  o f , accuracy and 
w ith  re g a rd  to  c o m p a t ib i l i t y  w ith  the  o th e r  m echan ica l . 
p ro p e r t ie s  o f th e  system .
C o n s id e rin g  now th e  r a t io  t h is
shou ld  be ta k e n , f o r  a m ixed a i’ra y ,  as th e  avaraga o f  the  "V vu 
va lu e s  co rre sp o n d in g  to  th e  fo u r  b a s ic  lo a d in g  axes A, B, C 
and D. -
• v v u  i s  n o t S u s c e p tib le  to  s u f f i c ie n t l y  a ccu ra te  a n a ly s is  
th ro u g h  any o f th e  s im p le r  system s, and. th e  onlj? p a r t  o f the  
ixreceding work which may o f f e r  a reasonab le  e xp re ss io n  is  th a t  
o f s e c t io n  4 .5 *>  le a d in g  to  e q u a tio n  ( 91) *
•Curves based on t h is  e q u a tio n  are p lo t te d  f o r  the  fo u r  
axes, us ing , s ta n d a rd  v a lu e s , in  F ig . 27 • •A ls o  p lo tte d , are 
va lu e s  o f th e  a r b i t r a r y  peak va lu e  d>v o  based on the  d i s t r i b u t i  
o f . . la te ra l s tre s s  f o r  boundary c o m p a t ib i l i t y ,  in d ic a te d  in  F ig .
20. ,V Z •
I t  i s  seen from  F ig .27 th a t  the  va lu e s  o f  . become
la rg e ,  and th a t  the  cu rves are ve ry  much a f fe c te d  by the  
o r ie n ta t io n  o f th e  lo a d  a x is  w ith  re s p e c t to  the  a rray ., 
geom etry. The d is c o n t in u i t ie s  in  th e  cu rves correspond  to  
th e  va lues  o f v^. a t which the  f ib r e  ra d iu s  exceeds h a l f  th e  
le n g th  o f the  c e l l  p a r a l le l  to  the  lo a d  a x is ,  caus ing  a sudden 
s t i f f e n in g  o f ;. th e  lo a d  p a th  in  the  v - d i r e c t io n  th ro u g h  the  • 
c e l l  c e n tre .
I t  is  a ls o  seen th a t  th e  la t e r a l  s tre s s e s  in  the  
v, d i r e c t io n  may become c o n s id e ra b le ; the  a n a ly s is  is  o n ly  
approxim ate  in  t h is  re s p e c t, b u t s tre s s e s  o f  up to  30-40$ 
o f the  average ap ip lied  s tre s s  are im p lie d  a t h ig h  f ib r e  c o n te n t 
The average curve may be smoothed, as shown, to  a
curve g iv e n -b y  the  e x p re s s io n :-  •
O S74 4-46 PT■ C21)
T h is  is  s p e c if ic  to  the  average param eters "V = 0.35?
= 0 .2 5  and m -  20. P re v io u s  a n a ly s is  has suggested th a t  
v a r ia t io n  w ith  m w i l l  be r e la t i v e l y  sm a ll f o r  the  range 10 to . - -  
100, so t h is  e xp re ss io n  w i l l  be a p p ro x im a te ly  a p p lic a b le  over .. 
a f a i r l y  wide range o f com bina tions i f  the V  va lues  are 1 /
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re p re s e n ta t iv e .
The la t e r a l  s tre s s e s  may be a p p ro x im a te ly  in d ic a te d  by 
th e  peak te n s i le  va lu e  based on the  h y p o th e t ic a l d is t r ib u t io n  
o f P ig .20. The envelope fox* t h is  te n s i le  peak s tre s s  i s  seen 
from  P ig .27 to  be an a p p ro x im a te ly  s t r a ig h t  l i n e ,  co rre sp o n d in g  
f o r  most o f  i t s  le n g th  w ith  the  va lu e  o f te n s i le  la t e r a l  s tre s s  
a t p o in t  2 f o r  Load A x is  A. . <;■
T h is  s tre s s  va lu e  v a r ie s  c o n s id e ra b ly  w ith  the m odular 
r a t i o  m, b u t may be a de q ua te ly  re p re se n te d  by the  e x p re s s io n :-
0 0  =  v b |  -  — 1 — — 7 4 0
77 ; . V+ 1 + 0 - 5 3 5  m0 '134 J
A lth o u g h , as a lre a d y  s ta te d , the  r e s u I t in g V la te r a l ; s t r e s s  
va lu e s  become h ig h  a t h ig h  va lu es  o f m and v f ,  i t  m u s t be
.borne ip . mind th a t  th e y  are. based upon a h y p o th e t ic a l l in e a r .■77.y  .. -r/Vi-v.:; ' . ' • • * '• '• * • y  V/“7v ‘./..-,;'-S 7y;7.>yv
d is t r ib u t io n ,  . and ‘a ls o  th a t  th e y  rem ain sm all,; in  comparison/Z ■
y 9  ” J£*s y  - • % b’-' +>• * > -V .* ■ ... . , ' *7 ' '
w ith  peak s tre s s e s  a long  th e  lo a d  a x is  =as g iv e n -b y  P ig  018 and
e q u a t io n ,(6 7 )•  A t m = 2 0 ,  v f  = 0 .7 8 6 , f o r  exam ple, th e  peak• ; ‘ y  ... * ’ , 7-v- 77./ 777s 7 + ;7-,
s tre s s  a long  the  lo a d  a x is  is  over th re e  tim e s  ‘ the  average
. • '0 +0 ■ ■' • '••-vi.T'i- ■.+• w i ; ’ i " 1
s tre s s ,  and over tw e lve  tim e s  .the, p e a k - la te ra l s tre s s  o f fe re d
by the  above e xp re s s io n . 7 . • * • . . .  ' 0 y  f 0  y
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5. P a ra lle l-^ F ib re  System w ith  Shear a p p lie d  in  P lanes $..• : 
C o n ta in in g  F ib re . Axes. • • (  v<'- ■' 1 K
'i ,
y  A A n a ly s is  o f shear /e f fe c ts / in " " th e
*'• *'g y A v / > ■' < ' ‘ r ’•* v v ’» *'■ \ . ; • • * •'** ** * *»j*, * j"
b a s ic  u n i t  c e l l  can become ve ry , c omp.lie a t e d , as a -:sys t  em •
''-■'/ V A'-1’;*■/' '■ ■ ' • ■ ■ fV. p  - A
in v o lv in g ,,  pure, sh e a rin g  s tre s s  on p a r a l le l  planes, cannot 1 -
e x is t  in  p ra c t ic e  in  a two-phase system .
In  the  p re se n t s e c t io n ,  o n ly  a rough es tim a te , o f; shear
e f fe c ts  w i l l  be a tte m p te d , u s in g  a s in g le  s im p l i f ie d 'a n a ly s is
A more re f in e d  approach would tend to  be in v a l id a te d /b y  /the'
d i f f i c u l t y :  o f e s ta b lis h in g  an id e a l shear system in  a p r a c t ic a l /
m ix e d -a rra y  m ou ld ing .. , 4  A ; ■ 1 •;i .
' ' r _ |" . ■ . ■ ■ / ■' J.. \ J i ■" I / ' * J.
.The;■d is t o r t io n  mode/assumed fo r  th e  b a s ic  u n i t  c e l l  i s  
i l l u s t r a t e d  in  F ig .  28, to g e th e r  w ith  the  a sso c ia te d  (s tre s s
,/:■ .: /.' A
’ • • ■• ‘ . v I
- & / * V
u
/ : ■ • Z /' ?
*r,a" . .
. *
Shearing
stress '
d is tr ib u tio n
Deformation of
plane element, 1
Fig. 28. SHEAR IN BASIC UNIT CELL: ux PLANE.
■ / V  " • b  ' ■ ‘ .. ■;= ’’ ’ ’ :
"• ■' The c e l l  is  rega rded  as a .s tack  o f ’
xi
' A
.-Ip lane  e lem ents , each ly in g  in .a /p la n e  p a r a l le l  t o  the  u x /p la n e ; -j 
a n d / t ra n s m it t in g  /no., s tre s s  th ro u g h  i t s  p lane  faces b/;;febe/;c e l l  * 
h t r t c t u r e  th en  becomes th e  same as i n  •'fchp.r, s im p le  : ahaiyhls./: fo r "  \ 
la t e r a l  d i r e c t  s t r e s s , ( s e c t io n  4 .2 .- ■ and. F ig ;  j l ) and I t  lie 
s tre s s  e q u a tions  /are  then  c o m p le te ly . ana logous ’ w i t h ;,triose.- ' '■ •' ■■ -i "■ /\■./■•' .
Oct./ •A- y : ‘.the-/-..L//?:;C/4b =
 L_. L. _.. I j
:?ri
.. , '• ; 61 
developed in  th a t  system . I t  th e re fo re  becomes p o s s ib le  to  
w r ite  im m e d ia te ly , by re fe re n c e  to  e q u a tio n s  (,51) t o  (6 3 )*
(Z* & 
G'vn
I + Kk (tloCyrl)
"  nXzk6>^+ofa) .. C X ik ^ ll
"Zux, «  M ____________
T u * 0 f l* -  ^ k (r to < 8 - l ) ] £ n - X tk6v-i)ec>S©]
Xxk Cot^ + o({0)[n - X,k fa~i)co5 Q 1 [ XaU^l]
( 12?)
10.2. -
I + Xzk -/ )
fXj k ^ 0 (128)
X«X3 -
V  K k (k»+°t,o)[n- \  u fa-i)fcpi 0A + cos jjJJ]
f X^k ^ (129)
A
X
X
n
Xzk (°k+°4>) fn- Xikfa-O)
Xj. Ic (c(<j•!-(><ton- 2>,uJi — -^i ^ J
fo ^ X zk<il
/
(■130)
In  th e  above e xp re ss io n s ,
G = modulus o f r i g i d i t y  f o r  o rth o g o n a l shear in  the  ux 'y
ux p lane  ~
Gffi = modulus o f r i g i d i t y  f o r  m a tr ix ,  assumed is o t r o p ic
G.p = modulus o f r i g i d i t y  f o r  f i b r e ,  assumed is o t r o p ic
-u G P m(1 +V,-)n = m oaular r a t i o  m  shear = __i -    nr
G
r .
ir. ('I+Vf )
« 21.60 f o r  s ta n d a rd  
- .- ■) va lu e s
= lo c a l  sh e a rin g  s tre s s  v a lu e s , d e fin e d  in  F ig . 28.
r ux1 ,2 ,3
A U X 0
"Y b lo c a l  maximum she a rin g  s tre s stux
~ average a p p lie d  sh e a rin g  s tre s s
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' - i  b p / j ± f - f ’
.j/jZpZ / IrP 4  .
o(cj -■£ JL
cZlo = 1
>
/3
r
£os &.
- p((O$0i + CO5
d e L
p
X k  ( l ~  n )
The ang les O  , & j , <92 ’ ^  ’ an<i ^  are
d e fin e d  in  'F ig  .1 1 . . • . . Z
C o n tin u in g  the . ana logy between the  
la t e r a l  d i r e c t  s tre s s  and sh e a rin g  s tre s s  system s, i t  becomes 
c le a r  th a t  e q u a tio n  (6 6 ) ,  which is  an a r i th m e t ic a la p p ro x im a t io n  
to  the  fa m ily  o f E'  ^ cu rves o b ta in e d  by s im p le  a n a ly s is  fo n /a  
m ixed a r ra y ,  shou ld  be a p p ro x im a te ly  v a l id  a ls o  f o r  the  
shear system , in  th e  fo rm :~
where O'Z^O^"" O-ooZofan,
- o s
O' 6
and
S im i la r ly ,  e q u a tio n  (6 7 ) ,  o f fe r in g  an a r b i t r a r y  
envelope f o r  peak s tre s s  v a lu e s , may be re c a s t a s : -
j l®  = l+VfO-27 + 0-ClnX) (1 3 2 ) .
The modulus curves expressed by (131) may be expected to  
u n d e re s tim a te  the  sh e a rin g  s t i f f n e s s ,  as c e r ta in  c o n s tra in ts  
have n o t been ta ke n  in to  accoun t; so th a t  an e xp re ss io n  
co rres jxond ing  to  (120) may be more a c c u ra te . In  the absence o f 
in te rm e d ia te  a n a ly s is ,  however, ( 132) w i l l  be deemed s u f f i c ie n t  
in  the  p re se n t c o n te x t .
For the  p r a c t ic a l  case o f a m ixed a r ra y ,  the  axes u and 
v  become synonymous w ith  th e  g e n e ra l tra n s v e rs e  d i r e c t io n  t , 
so th a t  the  s u b s c r ip t  ux in  the  above e xp re ss io n s  becomes.fet x .
: • ■ ' . . /. y  63
6 . P a r a l le l- F ib r e  System w ith  Shear a p p lie d  in  Plane 
Normal to  F ib re  Axes.
A ga in , o n ly  the  s im p le s t a n a ly s is  
w i l l  be a ttem p ted  f o r  t h is  case, based on the  system shown in  
F ig . 29* ’
■ I t  i s  c le a r  th a t  the  model i l l u s t r a t e d  does not.
a de q u a te ly  re p re s e n t the  t ru e  mechanism o f c e l l  d is t o r t io n
due to  shear in  the  uv p la n e ; c o m p a t ib i l i t y •a t th e  boundaries
o f a d ja ce n t p lane  elem ents w o u ld .c a ll  f o r  th ic k n e s s  changes
in  the  e lem ents , le a d in g  to  norm al s tre s s e s  in  the  v d i r e c t io n ,
and some r o ta t io n  o f  the  f ib r e  would a ls o  be expected .
I f ,  however, as a f i r s t  a p p ro x im a tio n , these  norm al s tre s s e
and r o ta t io n  e f fe c ts  are n e g le c te d , e xp re ss io n s  may be....
d e r iv e d  w h ich -a re  th e  same as those  f o r  the  p rece d in g  case,
w ith  th e  s in g le  s u b s t i tu t io n  o f uv f o r  ux in  a l l  s u b s c r ip ts .
E qua tions  (126) to  (132) are then  v a l id ,  le a d in g  to
th e  o b s e rv a tio n  th a t  the  shear m odu li fo r :  o rthogona l., sh e a rin g
s tre s s  systems in  p lanes re s p e c t iv e ly  c o n ta in in g  and norm al to
th e  f ib r e  axes have a p p ro x im a te ly  the  same va lu e  f o r  a g ive n
system . • . ;-7
For th e  m ixed a r r a y , . th e  s u b s c r ip t
uv is  f u r th e r  transposed  to  the  g e n e ra l tra n s v e rs e  s u b s c r ip t  t t «
7* O blique Load ing o f : P a r a l le l- F ib r e  System. •
In  t h is  s e c t io n ,  e xp re ss io n s  w i l l  
be d e r iv e d  f o r ' t h e  e la s t ic  co n s ta n ts  o f a p a r a l l e l - f ib r e  
system s u b je c te d  to  d i r e c t  and shear s tre s s e s  re fe r re d  to  axes 
h a v in g  a r b i t r a r y  in c l in a t io n s  to  the  f ib r e  axes.
I t  i s  assumed th a t  a la rg e  enough body o f the  com posite  
i s  in v o lv e d  f o r  the  a rra y  to  be regarded as a .m ixed one o f .  
e s s e n t ia l ly  is o t r o p ic  p ro p e r t ie s  in  p lanes norm al to  t l ie  
f ib r e  axes; on t h is  b a s is ,  exp ress ions  w i l l  be developed in  
term s o f th e  average co n s ta n ts  E&, E^, G ^ , Cy^., QU-d
d e fin e d  f o r  o rth o g o n a l lo a d in g  in  the  p re ce d in g  s e c t io n s .
•T h e  system to  be ana lysed is  d e fin e d  
in  F ig . 30'+ where a f ib r e . a x is  Qa i s  shown making ang les o i , /&  
and Y  w ith  the  axes Gx, Oy and Oz to  which th e  a p p lie d  loading- 
w i l i  he r e fe r r e d .  A rb it r a r y ,  .tra n sve rse  axes Ot^ and (Jt+j are 
p e rp e n d ic u la r  to  each o th e r and to  th e  a x is  ©a.
Fig.30. OBLIQUE LOADING OF PARALLEL-FIBRE SYSTEM
The d i r e c t io n  o f Oa is  c o n v e n ie n tly  d e fin e d  
by the  d i r e c t io n  co s in e s  1=cos<* , m=cosy5 , m=cosY?' and the  
d ir e c t io n s  o f 0 t^  and O t^ may then  be s im i la r l y  d e fin e d  by 
co s in es  1^ , and l^ m ^ ,,  n  , The cos ine  groups are
r e la te d  by the  e x p re s s io n s : -  "0 '• ' ' ; V . '
= X2 +m2'+n2 = 11 -i:m -i-n ' = X j +m  ^^ +n^
Suppose now th a t  the  system is
su b je c te d  to  a u n ifo rm  s t r a in  f i e l d  in  th re e  d im e n s ion s ,
d e fin e d  by a p p lie d  d i r e c t  s t ra in s s  e__, e__ and e a long  axesxx  yy  zz
Ox,. Oy and Oz r e s p e c t iv e ly ,  to g e th e r  w ith  a p p lie d  sh e a rin g
s t ra in s  e , e and e „ in  the  re s p e c tiv e  p lanes x y , xz and y: xy  ■ xz yz *  ^ °
•A p o s it iv e  d i r e c t  s t r a in  i s  taken  to  c o rre s p o n d .w ith ' an 
in c re a se  in  le n g th ,  and a p o s it iv e  sh e a rin g  s t r a in  w ith  a 
decrease in  th e  r ig h t  afagle between the  re fe re n c e  axes.
The r e s u l t in g  s t r a in  system in  the  p a r a l l e l - f ib r e  ;a rra y ,
n e g le c t in g  lo c a l  v a r ia t io n s  w ith in  the  u n i t  c e l l ,  may be 
re fe r re d  to  th e  axes Oa, O t^ , Otg as a group o f s ix  s t r a in
y ■ «+■ 5 * ecomponents e .0. et. e^ . , e ^  , ea_j_ and e^ _ ,j_ . These w i l l1 u2 " U1 " u2 
be r e la te d  to  th e  app lied , s t r a in s  by the  .e q u a tio n s :-
(134)
t-ZyzMn.
"• , Czi 4* i’fsiydwj  ^ £ft\( t-Zyz rt/
et*. «• e*«. fZ ey  teyc»kni
e t f (»Hf) #•<){■£. CP)i\t Gl/J + falj ^
i-2£yyfoMi' A-Ztzzftrii + Cny Ctxr A t f \ ) i - Cx» ( A f Cp) + Zyz ( »iz A f /U ) 
^04 ~ Fpjfx, t-2tyyM,Mi t -h&y TPjIH, / Csj* . ?,«*.) +2ye(ir’/\i.n,+»l/>;ii)
The co rre sp o n d in g  eq u a tio ns  r e la t in g  
a p p lie d  s tre s s e s  to  r e s u l t in g  components r e fe r re d  to  the  
f ib r e  axes a re : -
C)a ft (£xx (7 <• Zyy to*- + f- Z dm + 2-&x.t. dn + 2 dyz MAH
(£(•, ~ <£>* ^7 + dy^mt<’ + + Zdxy +• *44
~  (JX A . ( " I  *!- f i l l 1 +■ ~ f l M l  +■ 2 1 1 1  4  %  ^  ^
(it, « (?iznn, * f'W ^ xaYAi,* f,*) 6*«, 4«,a )
~ <>**(4 * <Uirt*1z 4- hn) 4
d(. dux •?, ft, + h <P£t A,Ac j- 3 xy ( ?, nLf fi/ty) f* <2**.
The s tre s s e s  and s t ra in s  re fe r re d  
to  the  f ib r e  axes are in  tu rn  re la te d  by the  e x p re s s io n s : -
Cet = c" (Y> A^ftfv Cd (?, +■ t J,? 3 c<v
(135)
c M ^  £- n*  ii + ^  [dbrVte d>tj)
e^ lx E<\ da+Qi [-.ty )ctr
(136)
6^t, - <®sh * <Jub
e-
<>a(-
(? fe( I J
6«>,s JLCo.b.m/»| 7 ' h - nn,
Box.* JL .6at * 6t:*l • GaT flUt
c J. . G (It Cit, «= -h H
<£«. * A* +• Bo ^ yy + (To +*P©  ^ <^ *A 7" ^
6t-,» A, <5?j5t +- 6, <£yy +• C, <X -b P, djy ■}- 6, <^ »i + F\ <W j
= A*. +• 6 i  9 /  ^ ^  <^2i *" ^  ^ * y  *" Ez. J^ta. i  /x  fy t ( ^  3 7 )
^Cit,* A0, <£*«. + #ot ^  + ^e, ^2- + D»i 3*y  + 6oi +  F<>\ <3/2.
©at*. = A 0 2.d>V K , + f to z  & Y y  b it  + Poi <>*/ + £ 0£ &*t + 3 /j .
f^c,L, *4/i. t"-&ti <*yy +'Oi_ 0 Di. **■ 6 ,1 3*4 + 6 B. £/t.
where.: - “"
A o  *  ^  ( 9 -  •u u  f  f , S & 0 )  80 =g-a 6 ©  H b * ,4 ® i j) )  Co *  h / V -  v/c U V / t * ; )
A, a £9f„. **+|s  [ B, * ^  (- t /fn to '+ jjja jm ,3-- l p^fj] )  Cy = ^  ( -v ^ n ^ + B  f a ^ V f f  'IT])
/}z -  ^  ( - v^. T + | 5  [ -  p n ^ - h C l )  ® L ~ e «  ( ~ f w r t H  ||J~F„»ii^iF])
A ^ y J L  .<?a(r
1^4 fc 4  * ^' L6ft
D 0 S  Z  (f»l-t'(a ftni,+<tM<J) E . ' J T f ' l - * * , J W & f l j )  6 ) »  +  (m«-. wf+rt. + w . i i r j }
p,= A ( - t  'h.t«*&[Wntifij)£, - f .  +*„.("<§>. [(,*,-V u ^ j)
St
+ ~{r%f|*t|+&Mtl) " g Q  (“Til 4, f £* [--ty f, P^a-A (-t/f-k /MnfGjjj [ r . y i W f y
\ s  ^ C C wi+fjih). £<>), ~ ^ X ' W * ^  £ Wirt*.+ Wirt) '
D,vs ^,1* ~ G^tf l W & * T  Ok|,'ftkM.'fi)
By e q u a tin g  (134) and (137)? th e o r e t ic a l  va lues  o f  the  
e la s t ic :  co n s ta n ts  r e fe r re d  to  lo a d  axes Ox, Oy, ©z may be : .
o b ta in e d  in  term s o f th e  f ib r e  a x is  d i r e c t io n  r e la t iv e  to  these 
axes, and o f th e  e la s t ic  c o n s ta n ts  o f the  p a r a l l e l - f ib r e  
system re fe r re d  to  i t s  own f ib r e  a x is  and th e  norm al transfeerse i  
p la n e .
The fo l lo w in g  s e le c te d  systems w i l l  be analysed on t h is  
b a s is : -
(a ) P a r a l le l - f ib r e ,  s o l id  w ith  f ib r e  axes p a r a l le l  to  the  
xy  p la n e ,
(b ) Com binations o f crodsed p a r a l le l - f ib r e  la y e rs  w ith  
a l l  f ib r e  axes p a r a l le l  to  th e  x y  p la n e ,
(c )  R andom -fib re  la m in a te  W ith a l l  f ib r e  a x e s .p a ra l le l  ”, 
to  the  xy  p la n e , and
(d ) R andom -fib re  s o l id  w ith  f ib r e  axes u n ifo rm ly  
d is t r ib u te d  in  a l l  d ir e c t io n s  in  space.
In  a l l  these cases i t  w i l l  be assumed -; 
th a t  the  f ib r e s  are lo n g , and lo c a l in te r fe re n c e  e f fe c ts  due 
to  c ro s s in g  f ib r e s  w i l l  be n e g le c te d .
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From (135) and (136),
7-1 .. P a r a l le l  F ib re s  w ith. Axes P a r a l le l  to  xy  P lan e .
• In  t h is  system , d e fin e d  in  P ig .  .37,
th e  f ib r e  a xe s 'a re  assumed to  make an ang le  © w ith  the  X a x is 7 
and to  be a t r ig h t  ang les to  the  z a x is .  The t^  a x is  is  then 
taken to  l i e  in  th e  xy  p la n e , the  t ^  a x is  b e in g  norm al to  i t .
In  P ig .37 the  system is  re p re se n te d  by a s in g le  la y e r  
o f f ib r e s  ly in g  in  the  xy p lane  i t s e l f ,  in  o rd e r to  f a c i l i t a t e  
i l l u s t r a t i o n  o f the  s tre s s e s  and s t ra in s  in v o lv e d , b u t the
a n a ly s is  in  f a c t  re q u ire s  the  presence o f a la rg e  enough b u lk  
o f m a te r ia l to  ensure the  tra n s v e rs e  is o t r o p y  a sso c ia te d  w ith  
a m ixed a r r a y . ■.
For t h is  geom etry, 1 = c o s ^  1^ = -s in © ' Ip  = 0
m = s in  Q m;, = cosO  nip = 0
n = 0 n^ = 0 np -  7
The s t r e s s - s t r a in  r e la t io n s h ip s  may then  be expressed in  the  
d e te rm in a n t fo rm :-
V Cxy €yu
CoS*# S tn l0 0 i StnZO 0 0
Si h Z& cos *9 0 - j - Sin 29 0 0 fit,
0 0 1 0 0 0 €4
- siW20 fi'r\2Q 0 Cos29 0 0 fiat,
0 0 0 . 0 cos 9 Sin® fiatj.
0 0 0 0 "SinO cos9
' A; ' ■ ; A;y, ■ * . ; Tak i ng f i r s t ,  the  case in  , ■ .
w hich the  o n ly  a p p lie d  s tre s s  is  e q u a tio n  (738)' lea d s
to  the  fo l lo w in g  e xp re ss io n s :
d x x . £ *
• £  f i ( |  *') - i 2 v u  - A )  ( 1 39)
(740)
(141)
•7 ^  - 1  -£k
<Dx;c <£*» £ Sc Ey ^ 1  ^ 3
E q u a tio n  (142) shows th a t  in  the
absence o f any s tre s s  .o th e r th a n  d> a. sh e a rin g  s t r a in  i s .■ ■ , . xx
induced by the  o b l iq u i t y  o f the  f ib r e s ;  The e la s t ic  c o n s ta n t
Q' has th e re fo re  been in tro d u c e d  to  express th e  in v e rs e :.r 'a tio  o f. Z yx  ■*
t h is  sh e a rin g  s t r a in  to  the  a x ia l  s tre s s  which causes i t .
, , • . I f  e q u a tio n  .(138) i s  so lved  aga in
f o r  the  p a r t ic u la r  case in  which o n ly  th e  s tre s s  d> j y  A c ts ,  
e q u a tio n  (140) i s  o b ta in e d  a g a in , to g e th e r  w ith  the  a d d it io n a l 
r e la t io n s h ip s : -
U  " e j i  % + ' )  d  ( % - b « 2e  'At K 2e ]
%  " I f  * S *  c + o
'  o £  ‘% t M e l  -  & ) « * « ] ( 145)
A g a in , w ith  ( j  a c t in g  a lo n e , zz
(738) g iv e s : -
t : i * £  (146).
A  = A  = “  - f a . v j  (14?)
6^3 'Yxyx, J
E q ua tio n  (747) in d ic a te s  th a t  s tre s s
norm al to  the  p lane  o f the  f ib r e  axes induces shear s t r a in
in  t h is  p la n e , r e q u ir in g  a fu r th e r  co n s ta n t' ’.which g ive s
th e  in v e rs e  r a t i o  o f the  s t r a in '■ e , to  th e  s tre s s  <5 -'whichxy v  zz
produces i t .  .
F in a l ly ,  s o lu t io n  o f (138) f o r  the  th re e  cases in
a c t a lone y ie ld s  fo u rwhich re s p e c t iv e ly  (?„_ end d_•xy . z. z y z
f u r th e r  e x p re s s io n s :-
f a y .  J _
€-?u = j
Ix x . G-xz
f a S J_
fa x fa z
£ * * *  &
f a x £?XZ.
(148)
(149)
x =  = -L [j- ( l + Gofa -if l~ <£(*) C 0 i2 e1 
G/  Got I 2- Cti' ^  J
(151)
0 Co-k k (r« J
The r e la t io n s h ip  expressed in  (151) 
a ga in  a r is e s  from  th e  o b l iq u i t y  o f the  f ib r e  axes, ca u s in g  a 
sh e a rin g  s tre s s  a p p lie d  in  the  x z -p la n e  to  produce.. a . secondary 
sh e a rin g  s t r a in  in  the- yz .p lane  , - and v ic e  ve rsa .' ' t  -
The above a n a ly s is  a lso  re v e a ls  a re c ip ro c a l r e la t io n s h ip ,  
v e r i f ia b le  by C le rk  M a xw e ll's  theorem., f o r  th e  co n s ta n ts  Q 
g iv e n  by (1 4 2 ), (145) and (1 4 7 ) : “
Q vx - dzx- - fay 
= fa a fa
e YY
<&vy* * f a  -  f a
<?*7
s
(153)
(154)
I t  is  now. co n ve n ie n t to  summarise th e  exp ress io n s  o f  t h is  
s e c t io n  in  a more c o n c is e - fo rm :-
-i& c „ fa- bcw 20 -c s(W l2&) 
Ec
E y  = (a. 4- (jcoJ2 0  “  £ SjV| z2©)
Ea,
Ex - £fr 
So.
\
Vvkere:- _ i
Ik . 14*. = £a .£* * £y '
£2 . t>zx, - e C<?iZ^Sx £x
£0 . Viy » £ 3 ■Vyz “ C<i’'€(Of29)Ey S,. 7
r (i*t'4c.^^2^)"1 
Got- _
C®j20)
Ga0 |
( f t  *")
: - fc - iC fe -O  .
c- 4(l+2tf, + Sa - £2 )4 £<r
c *'£(vca~G«.v(t)Eb
i *
Q y x  ~ f a * . * f a y
€>ty Ctcx,
Q x y  * fa y  = f a y» /O’ A,..
> - ( 155)
f a  * Cf-^ cox2e)
G*t'
Q y x ,  “  - [ s t * l e  (b ~ 2 c c o s 2 e )]  
Sa
6?xy ~ -  f J‘»/j2€»(fe+2ccoJ 20)] 
(
fi?-xyz =■ -(eW<?)
-*y ry
Gfyx
P*
fa s^rss- fay
erJ CxZ.
_P = faccl 
Ga(r
20)'
I t  shou ld  be no ted  th a t  the  exp re ss io n s  f o r  and 
r e fe r  to  the  c o n d it io n  o f ze ro  c o n s t ra in t ,  in  which a y  ■ 
sh e a rin g  s t r a in  is  produced by the  d ir e c t  s t re s s .  I t ;  i s  found 
th a t ,  i f  -G. jl. i s  s m a ll,  t h is  shearing e ffe c t; g ives, r is e  to  a. - 
minimum va lue  o f Ex which is  le s s  than  E^ and occurs when:, th e r 
a p p lie d  s tre s s  i s  n o t q u ite  a t r ig h t  ang les to  the f ib r e  axes.
D i f f e r e n t ia t io n  . o f  .the- e xp re ss io n  f  or'/EA. shows : th a t  th is -  
minimum is  o b ta in e d  when
and the  co rre sp o n d in g  va lu e  o f 0  i s : -
© '= f  , ( w )  ,,
I f  sh e a rin g  s t r a in  is  p re ve n te d -b y  
a p p ly in g  a b a la n c in g  shear in  a d d it io n  to  th e  d i r e c t  s tre s s
G i the  va lu e  o f  E' is  in c re a se d  by th e  a d d it io n a l c o n s t ra in t  xx  ’ , x  ’ u ■: ■
The re q u ire d  b a la n c in g  shear is
A M g a r . ^  058)
and the  m o d ifie d  va lu e  f o r  E is  then  E 1, g iv e n  b y : -
X  . X
e J  .  1
B-vc 1
E qua tions  (155)' and (159) are. p lo t te d  in  P ig .32 f o r  a
v^  va lu e  o f about 0 .4 ,  ta k in g  a p p ro p r ia te  va lu e s  o f b a s ic
co n s ta n ts  from  p re ce d in g  a n a ly s is  to  b e : -
E G . ' '
 2  ~  8 . 6  —  =  1 . 8Em * Gm * (The s im p le  th e o ry  d e r iv e d
-g q f o r  G va lu e s  g ive s  ,= G .^ ,
Tip- -  1*9 “ 2. 0 b u t a s m a ll d if fe re n c e  has been
°  m in tro d u c e d  to  g iv e  a curve
= 0 .3  in d ic a t in g  the  more p rob a b le
V t t  = 0 .5 5  t re n d . )  /  ) , '
In  P ig .32, Q va lu e s  are p lo t te d  as re c ip ro c a ls  to  a vo id  
i n f i n i t e  v a lu e s . Q u a n t it ie s  in  b ra c k e ts  r e f e r ‘/to  m irro r- im a g e  
c u rv e s , o b ta in e d  by re a d in g  th e  p lo t te d  cu rve  a g a in s t the  
b ra cke te d  va lue s  o f  8 a long  th e  low e r a x is .
(80) (70) (60) (50) (40) (30) (20) (10) (0)
6  degrees 
FtG. 32. OBLIQUE LOADING OF PARALLEL-FIBRE SYSTEM.
Fibre axes parallel to xy plane and making angle © 
with x axis
7 .2 .  Crossed F ib re  Lam ina tes.
I t  i s  assumed here th a t  a la m in a te  
has been made up from  sheets o f  id e n t ic a l  p a r a l le l - f ib r e  
m a te r ia l,  so th a t  v^  i s  the  same however th e  elem ents are 
combined. A l l  f ib r e  axes are p a r a l le l  to  th e  xy  p la n e ; n^ 
la y e rs  have the  axes in c l in e d  a t an angle to  th e  x  a x is ,  
ng la y e rs  a t ang le  -mp to  n^ i^aye rfs  _at? angle. G^f, Zlayona. in  
a l l .  In  such a system , the  im p o s it io n  o f a g ive n  l in e a r  s t r a in  
causes each la y e r  to  t r y  and assume i t s  own va lu e  o f sh e a rin g  
s t r a in  due to  th e  e f fe c ts ,  a lre a d y  d e s c r ib e d , o f a n is o tro p y  
under o b liq u e  lo a d in g .
When the  la y e rs  are bonded to g e th e r  th e y  must assume the  
same va lue  o f sh e a rin g  s t r a in ,  and th e  r e s u l ta n t  i n t e r f a c ia l  
c o n s t ra in t  leads  to  a d is t r ib u t io n  o f in te r n a l  sh e a rin g  s tre s s  
w hich w i l l  n o t be co n s id e re d  in  d e t a i l  in  t h is  a n a ly s is .
I f  the  o r ie n ta t io n s  are n o t s y m m e tr ic a lly  d isposed  about 
a c e n t ra l p la n e , o b l iq u i t y  a ls o  leads to  to r s io n  under a x ia l  
lo a d in g ; t h is  e f f e c t  w i l l  a ls o  be n e g le c te d  in  the  p re se n t 
c o n te x t .
I f ,  f o r  the  s in g le - o b l iq u i t y  case in d ic a te d  in  F ig . 31, 
e q u a tio ns  (134) and (137) are re s o lv e d  to  g iv e  s tre s s e s  in  
te rm s o f a p p lie d  s t r a in s ,  th e  fo l lo w in g  e xp re ss io n s  are 
o b ta in e d :-
«■ e** (i + 2^ 0^ 26 + s S\a12&) Qyy (A -s sinUe) 4ei2(v/ + 3c- cos le) * Sic, 26 (<p- 5 ros2e) 
dyy Ci~2^colZe *■ SSmUcO + <Z^ (w~ x.<oi2&) + Slh 2© (<j,+ s <**?£>)
~ QxxCw-hxcasio) +€yj(w-ztcet2e) +-e2,3.Cy) Cx-Sw2e') V (160)
d-jty — Str\2&O^-ScosIG) + *Zyy f  scc>s2e) +• 6zi. (z.Stnio') + €-x.y ( 2- S S'*
s Qt ) (6cifr~ £({•) CO}2gJ: + L Khj-Gtf)
E yz -  L i + e y2. [ i  Aal+<?(f) +-i(Cctt-Cif)cof26j
i  ~ Jl f r H ( - V ^ ) + ( c-V u 1))
^ fl- g<x
Cf ~ A f r M - U b W r - t ^ 3) ]  r-Cl+n)lr(hvit) Vvtci'l
S B Gv*t-Jl [-r(r+i-2v(&') -(Vfa+rva)1] -r-=
u- hrv^Ct+Vtt) ^  Vqtr
y =  ^(V- 'VuO
* = G«fc
F o r the  system o f la m in a tio n s  
a lre a d y  d e f in e d , these  re la t io n s h ip s  becom e:-
. ' ' ' . ;  - 7 3  j
k  p ' ' •/. ‘ 1
d x n  “  J F - S  [e-x.ft^2<jCOs26"} +5 Stn*2ej) + ? y y (u ~ 5  Sl^Zdjj) t e 2Z(w i--X.Co)2dfi + <?*y Sin 2£>J (y -S C # l2 9 j)  ]
-J*1 ;.
^  21! f w" s A ;>*20y) + Q y y ( i  -2 y cc s2 0 j  +  *  3 /A *2 © j) + f Z2. ( V a :  r<?/ Zdj) * ?xy w 2 6>j ( y + s  c*j2df )  ]
<SL & ^-kb njfefawt%coj2ej)f^^-xwj2a;) fa>*zep\
^ * 7  a ‘/Jf2  + e y y s ih 2d'} C(J,1-S n i2e p  -t-ttzClCSinZ&p +  e * y  Cz -  S s m ^ e j) ]
Jk
~ 2  ni fe *2. (zifa t Cff] /fa_<£tf] ewZep + Cyi [ f a - 5to 2oj) ]
~ jjf 2  ffa-G/f] + i  [ C C l t j  C c * 2 & j - ) ]  J
(16
These exp re ss ion s  may be eva luated- f o r  . a g ive n  system-, 
andtbhan in v e r te d  to  g iv e  th e  re q u ire d  m echan ica l c o n s ta n ts . 
G enera l e xp re ss io n s  c o u ld  be d e r iv e d  f o r  these  c o n s ta n ts , 
b u t would tend  to  be to o  u n w ie ld y  f o r  g e n e ra l use.
N um erica l examples f o r  t h is  p a r t ic u la r  phase o f the  r 
a n a ly s is  are n o t in c lu d e d  in  t h is  s e c t io n ,  b u t the  method w i l l  
be used f o r  s p e c i f ic  com para tive  e v a lu a tio n s  in  the  second 
p a r t  o f the  t e x t .
7*3* Random F ib re  Lam ina te .
G e n e ra lly , each c o n s t itu e n t  la y e r  o f 
a random f ib r e  la m in a te  com prises a mat o f s h o r t f ib r e s  
d is t r ib u te d  w ith  random o r ie n ta t io n  in  one p la n e . The f ib r e  
le n g th ,  though n o t la rg e ,  i s  u s u a lly  s u f f i c ie n t  to  make an 
assum ption o f i n f i n i t e  le n g th  acceptable*, so th a t  th e  p re ce d in g  
a n a ly s is  may be a p p lie d .
To s im p l i f y  th e  concept in v o lv e d , th e  model shown in  
F ig .3 3  w i l l  be used . In  t h is  m odel, p lane  p a r a l l e l - f ib r e  
elem ents are b u i l t  up to  form  a u n i t  cube, w ith  the  f ib r e  ang le  
0 v a ry in g  u n ifo rm ly  w ith  z from  a t z = 0. to  + J  a t z ~ 1 .
Then, th e  x - lo a d  on a p lane  elem ent o f th ic k n e s s  5 z in  
a u n ifo rm  s t r a in  f i e l d  i s : -
55 <Tz where (p i s  g ive n  by (160)
~ s in ce  & *
Then, th e  t o t a l  x - lo a d  on the  m odel, which i s  e f f e c t iv e ly  
th e  x - s tre s s  C> _  f o r  th e  ra n d o m -fib re  la m in a te , i s : -r  xx
rl
%. “ r f a  * irf(sx>Ge = e«.C‘ +j) + ey
-r
t
Thp group symbols i ,  s e tc .  in  t h is  and .fo llo w in g  
e q u a tio ns  are d e fin e d  below  e q u a tio n  (1 6 0 ) .
S im i la r ly  a p p ly in g  th e  o th e r e q u a tio ns  o f  (1 6 0 ),
T d>yy 55 t| ) 6*0
1* + €y (W) + Cy)
(163)
(164)
(165) 
(166)
r Li. “ ?yj. 2*
In v e rs io n  o f e q u a tio n s  (162) t o  (167) 
le ad s  to  th e  fo l lo w in g  e xp re ss io n s  f o r  th e  o v e ra l l  e la s t ic  
c o n s ta n ts : -
f  . r  „ 2 ( i - u t s ' ) ( y ( * + u ) ~ 2 w i ]  
r y - y(2i+s)-2w*
T £  z a y "■ ^VV1
i+*C
ii - TvA
T-^ cy = r yC2:+,) ~2wl
r (168)
y (2 t+s) — 2.wl
£  si-r*y ..... + . :r'; ,
f E r — T*£yi — 2/ C^at "L £{fc O .
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Fig.34. ELASTIC.CONSTANTS FOR RANDOM-FIBRE 
, LAMINATE..
The C onstan ts expressed in  (168) are p lo t te d  \  . 
f o r  s tanda rd  va lu e s  ( in  F ig . 34, re fe r re d  back to  th e  c o n s t itu e n t
m a tr ix  and f ib r e  va lu e s  th ro u g h  the  p a r a l i e i - f ib r e  r e la t io n s h ip s
developed in  p re v io u s  s e c t io n s .
In - p r a c t ic e  i t  would be more u s e fu l,  and g e n e ra lly  more 
a c c u ra te , to  r e fe r  th£?se c o n s ta n ts  o n ly  to  th e  o rth o g o n a l 
co n s ta n ts  f o r  the  p a r a l l e l - f ib r e  system s, s ince  these are the 
param aters which would g e n e ra lly  be known, o r which co u ld  
re a d ily .-b e  d e te rm ine d .
reproduce th e  cu rves o f F ig . 34 to  an accuracy o f w i th in  5$ 
f o r  a l l  f ib r e  volume f r a c t io n s .  The accuracy o f  the  e xp re ss io n s  
would tend  to  f a l l  o f f  as th e  c o n s t itu e n t  c h a r a c te r is t ic s  
v a r ie d  from  th e  s ta n d a rd  va lu e s  on which th e  curves are based, 
b u t the  s t ru c tu re  o f  the  exp ress ions  ensures th a t  reasonab le  
r e s u l ts  would be o b ta in a b le  o ife r a f a i r l y  w ide ra n g e . The 
d e te rm in a tio n  o f  t h is  range o f a p p l i c a b i l i t y ,  and the  
e s ta b lish m e n t o f more a ccu ra te  e xp re ss io n s , would re q u ire  
a c o n s id e ra b le  amount o f  a d d it io n a l a n a ly s is  which i s  th o u g h t 
to  l i e  o u ts id e  the  scope o f the  p rese n t su rv e y .
The p ro v is io n a l exp re ss io ns  a r e : -
A n a ly s is  on t h is  b a s is  shows th a t  the  'fo l lo w in g  exp re ss io n s
0-7F6 +. 0 3 - r £p 9
~ 0 * ^ 4  O'OGEEcx. ~ 'r
( 169)
T’ ^ * 3 0  “ r 4b y  SS 1 / ^  f  O vV u +  0-4ZVf.(Vit-VtJ 
T
■ ‘ / ''fa'' - 5 /  . - ' * V  • 2 ?'v . - . 7 7
7 .4 .  Random F ib re  S o l id .  , .
The concept o f a t ru e  ra n d o m -fib re  
s o l id ,  i : e  one, in  w h ich  th e  f ib r e s  are e ve n ly  d is t r ib u te d  in  
a l l  d ir e c t io n s  in  space to  g ive  is o t r o p ic  b u lk  c h a r a c te r is t ic s ,  
is  la r g e ly  an academic one owing to  the  d i f f i c u l t y  o f 
a c h ie v in g  a t r u l y  random and homogeneous d is t r ib u t io n  in  a .. . 
• p ra c t ic a l case . . ’"I-
I t  i s  c o n v e n ie n t, however, f o r  purposes o f  com parison , to  
d e r iv e  exp re ss io ns  f o r  th e  ,e la s t ic  co n s ta n ts  o f th e  h y p o th e t ic a l 
system in  which lo n g , s t r a ig h t  f ib r e s /a r e  u n ifo rm ly  d is t r ib u te d  
th ro u g h o u t the  m a tr ix  w ith  co m p le te ly  random o r ie n ta t io n .  T h is  
system may be id e a l is e d ,  f o r  the  purpose o f a n a ly s is ,  in t o  
a h e m is p h e ric a l s h e l l  in  which f ib r e  e lem ents are d isposed  
r a d ia l l y  w ith  c o n s ta n t s p l id  angle s e p a ra tio n  from  each o th e r .  
The s h e l l  is  ta ke n  to  be t h in  compared to  i t s  ra d iu s ,  so th a t  
changes in  f ib r e  volume f r a c t io n  w ith  ra d iu s  need n o t be taken  
in t o  accoun t.
i f  th e  system is  f i r s t  su b je c te d  to  a u n ifo rm  f i e l d  o f
l in e a r  s t r a in s  e- . e- and e , the  lo c a l,  x - s t re s s  (>..xx  yy • xx  - <
i s  g iv e n  by e q u a tio n s  (134) and ( 137)? u s in g  th e  c o n d it io n s : -
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« -s in  hi, = cos<Rcos\ , = cosR sihX
lp » 0, mp = cos A , np = sinX .
An expanded expression,.*!or... 6 /may now be o b ta in e d  in  the  
fo rm : -  ; /' A*
r i  - 0  T~.Acrrt4J x bcoAoL +CCosVsir\2iiSlt\*\ + d ce>sV Sm V St'AK +y(co$ i t  -1-sin *d AAX) ]UXK-Zvl **«* *. + -- _ _ _ _ _  _ V-------- ............. ...... I J
+ C«y [~4s CwVf'AtC f/nl\  + J Cos'cLSi'nVsiAk 4 2*(<osk+ti'>4iLSf*,y) j. j coi'dsAtSmX (ggjfy 1
|-ff«3k. coj1). bl" Jw Hftfj*-).) ** . i
[-4$<°sk.sinkc&sz}> "IMsM Vf'MX + «• ] (170)
w h e re :-  fc> * 2kfr(v*fcrw?vti-{)+Vfot] +4Gc,t O ther param eters --
c~ 4 Cx- hSrtt+^s)] used in  the  above eq u a tio ns
4- 2/1 (“r + t/c-a*) are d e fin e d  w ith  e q u a tio n
fK  A b M  (160)9 a v-4 (?«(■ • ,
j  *  2y~ 4<Sft
l ih t e g r a t in g  f o r  the  whole o f  the  h e m is p h e r ic a l s h e l l ,  
th e  average x -s t r e s s  becomes: -
itr r 
~  (  {
(?xx * TT ^  S(h 0 1 ^  ^
' * J  J
fix^A^rfl+r [l-Vttl] ) iV u (r [ l+ V n ] -V ( . j ' )  +-|Cftfr]
+ feyy +e2z)[l(V ( 1 + 3% +r[|-%l) + Ru1 rOt%)+Vu)) - (gfrj ( 1 71)
I f  th e  ra n d o m -fib re  s o l id  i s  now ta ke n  to  be is o t r o p ic ,  
i t s  e la s t ic s c o n s ta n ts  are reduced to  th e  th re e  pax'ameters
^ rs *  ^ r s  anc^  I t s * and* ^ o r uni ^ orm s t r a in  f i e l d  used in  
th e  above express ions.,
J — ^ xac ( A  ^4* ^ Am C fiyy X Zzi') 1
..;***■ 0 + V r t ' X l - 2 v „ )  (172)
Comparison between (171) and (172) le a ds  t o : -
+ 3vta.6+t>y]f h(rh+r - Vaff+r%j) ~Vt*(r [l+vuUIVlJ) +4Cat] ^  ^ s  
/Zk. [ r  ( 5 + 5r + Ptt[3 -Srt/faH) -J* Vfc,*,(llrTl+Vtil ~ 2-U(.n)J 4-HGct^
V n  ~ k ( T ( ^ r  iPtkt'i-'f'Viil) XV^(.7r(.l+v(i 'l+2vh>.)) -^ 4G<Kb (174)
h,fr(5+5r+%£3-5rvtt])rf--p'ttv0/rD+%]--2 )^]+J (^r.
A ls o , u s in g  a 2(?ri £l+tVi) #
Gy* ~ A^rCl+r-Vrtfl+r%3) - V t * ( r  [l+V«I+2v^ + ^  (175)
ga 
£fcAs b e fo re , £v *  ^
E qua tions  (173) , (174) and (175) are p lo t te d  in  F ig .36 + 
b a s in g  the  cu rves on th e  same o rth o g o n a l param eters (E& , 
e t c . )  as were used f o r  the  la m in a te  cu rves o f  F ig . 34.
I n  p ra c t ic e  th e  f ib r e  o r ie n ta t io n  w i l l  g e n e ra lly  be 
b ia se d  in  c e r ta in  d ir e c t io n s ,  a n d -a . p re fe r re d  o r ie n ta t io n  co u ld  
be re p re se n te d  In  the  model used here by p o s tu la t in g  a v a r ia t io n  
o f  v f  w ith  od , o r by assuming th a t  f ib r e  d ir e c t io n s  are 
co n ta in e d  w ith in  a c e r ta in  c o n ic a l a n g le , and re -c a s t in g  
e q u a tio n  (171) a c c o rd in g ly .  I t  would be d i f f i c u l t ,  however,
c o n te n ts  g e n e ra lly  a s s o c ia te d  w ith  th re e -d im e n s io n a l 
d is t r ib u t io n s .
A ga in , va lu es  accu ra te  to  w i th in  5$ 
are o f fe re d  by th e  e x p re s s io n s : -
E rs js £'fe *- 0-6ZVf (bvf)(Ea'-Ek) (176)
(?rJ = 0-37 ( k f f  0 - 6 6 v f a - ' t t E * - & ) )  (177)
z w  * V t J i -  i - i t o - i y - t y X n - n * ) )  d ? 8 ) .
8.. Shrinkage E f fe c ts  in  Id e a lis e d  Composite Systems. j
The c u r in g  process o f a th e rm o s e tt in g  j 
system in v o lv e s  sh rinkage., w h ich is  u s u a l ly  ta ken  to  be g re a te r  
f o r  th e  m a tr ix  th a n  f o r  th e  enclosed f ib r e s ,  where h o t m ou ld ing  
i s  used, th e  chem ica l sh rinkage  a sso c ia te d  w ith  the  c u r in g  
i s  augmented by p u re ly  th e rm a l sh rinkage  as th e  m ould ing  c o o ls  
from  the  cure tem pera tu re  to  room te m p e ra tu re .
The e f fe c t  o f t h is  d i f f e r e n t i a l  sh rin kag e  i s  to  induce  
ih te r n a l  s tre s s e s  which may become la rg e  enough to  s ig n i f i c a n t ly  
a f fe c t  the  f r a c tu r e  c h a r a c te r is t ic s  o f th e  com pos ite , and the  
o b je c t o f t h is  s e c t io n  i s  to  make, some assessment o f the  
lo c a t io n s  and m agnitudes o f  the  peak sh rin ka g e  s tre s s  va lu e s  in  
t y p ic a l  cases.
•For the  s a k e .o f  s im p l i c i t y , o n ly  th e rm a l sh rin kag e  w i l l  be 
s p e c i f i c a l ly  ana lyse d ; t h is  r e s t r i c t i o n  is  to  some e x te n t 
j u s t i f i e d  by th e  p r o b a b i l i t y  th a t  s o l i d i f i c a t i o n  o f  a 
com posite  ta kes  p la ce  o n ly  tow ards the  end; o f the  c u r in g  c y c le ,  
when a la rg e  p ro p o r t io n  o f the  chem ica l sh rin kag e  has a lre a d y  
been absorbed.
For n u m e r ic a l . i l lu s t r a t io n ,  s tan d a rd  f ib r e  and m a tr ix  
p ro p e r t ie s  w i l l  be assumed as in  s e c t io n  2 .5 *
The u n i t  c y l in d r ic a l  model w i l l  be co n s id e re d  f i r s t ,  
fo llo w e d  by s e le c te d  e f fe c ts  w ith in  t y p ic a l  p a r a l l e l - f ib r e  
a r ra y s .
8 .1 .  S hrinkage E f fe c ts  in  U n it  C y l in d r ic a l  M odel.
I f  the  u n i t  c y l in d r ic a l  m odel, 
s u b je c t to  the  same d e f in i t io n s  and assum ptions as in  s e c t io n  
3 * 2 . ,  is  s u b je c te d  to  a tem pera tu re  r is e  9 , th e  change in  the  
in te r n a l  s tre s s  system due to  t h is  tem pera tu re  r is e  a lone  is  
d e fin e d  in  F ig . 37*
For s t r a in  c o m p a t ib i l i t y  a t th e  in te r fa c e ,
(173).
Cfci c ~ &,+£{*)] o - [(jt-iy (d,+<Lv\)J o (i0p)
For the  a p p lie d  s tre s s  to  be ze ro ,
-  o  (181)
= c o e f f ic ie n t  o f  l in e a r  expansion f o r  m a tr ix  
c o e f f ic ie n t  o f  l in e a r  expansion f o r  f ib r e
d, “ (i~VfXhVf)Ef. e   = A 3 .ef U„-cCf). e
(l-Vf)Cl-Kto-r)Vy -2Vfl] t-m [it Vf- 2v„Vf Vf] ^
(vj. = ny
O - V f . ) v
<ih ‘ f  .2 A* t n a - * ) + * v « * l  + a -* f)  1 g , Um- ^ ) e
I  I  t -  C m - 1 )  V f .  J
6/. “ -Jit = - f2fl3C *” v~vfh(i-‘'f)lvf£f6<m -M)e
l - V }  f  L  C h V f . ) i l - h ( n x - l ) V f - ]  J
To c o n v e rt these  to  sh rin kage  s tre s s e s , 
th e  system is  ta ken  to  be co o le d  from  some ( c u re 1 te m p e ra tu re ,
A , to  a lo w e r tem p e ra tu re  9 . In  the  above e q u a tio n s , 9 th e n  jC V
becomes the  n e g a tiv e  q u a n t i ty  Qq~8c * '
The r e s u l t in g  sh rin ka g e  s tre s s e s  are p lo t te d  in  F ig . 38, 
u s in g  s ta nd a rd  va lu e s  which now in c lu d e  th e  t y p ic a l  expansion 
c o e f f ic ie n ts  °^£=5x10~^/°G  and c<lm~60x10~^/oC. -
(182)
(183)
(184)
(185)
Interface C o nd itions
Stresses in diametral piano.
Fig.37 CYLINDRICAL MODEL STRESSES DUE TO 
TEMPERATURE CHANGE
U sing the  Lame r e la t io n s h ip s ,  a n a ly s is  leads  t o : -
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■ •;/ . ■ , . ' ■ - ' .9. - / v . . . .-/■ 84
Fig.38 implies that, considerable stresses may be : j
developed dub to differential shrinkage. The highest stresses 
are the axial compressive stresses in the fibres when the 
fibre content is low; in practice these would lead to fibre 
buckling if this were permitted by local patrix flaws.
The overall failure mechanism of the composite is.more 
directly affected by the tensile stresses in the matrix, (d 
and d>2’ become ,significant at higher fibre contents.
Atea, t y p ic a l  f ib r e  volume c o n te n t o f  0 .4 ,  a n a ly s is  based 
on s ta nd a rd  va lu e s  suggests th e  fo l lo w in g  approx im ate  sh rin kag e  
s t re s s e s - in  a com posite  co o led  from  a cure  te m pe ra tu re  Qc o f
140°C to  a w o rk in g  te m p e ra tu re  ©g 8f  20°C.
A x ia l S tre s s e s ; F ib re  d ^ - 7 200 l b f / i n 2
Matrix ma - • * * ' 5  100 lbf/in2
T a n g e n tia l S tre sse s
a t In te r fa c e :  F ib re  d ^  -  1 900 l b f / i n 2
M a tr ix  6  2 3 600 l b f / i n 2
, . , I t  i s  a ls o  p o s s ib le  to  e s tim a te
th e  a x ia l  and d ia m e tra l sh rin ka g e  o f t h e 'u n i t  c y l in d r ic a l  
m odel; the  a x ia l  s t r a in  i s  g iv e n  by ( 179) ,  and th e  d ia m e tra l 
s t r a in  b y : -
64 = f  o t^ -0  (186)
These expressions are plotted, in terms df shrinkage for 
a temperature drop from ©c to 9q , in Fig.39? from which it is 
seen that the lateral shxxinkage is very much greater than the 
axial except at the extreme ends of the fibre contentJrange; 
over the typical working range of, say, 0.2 to 0.7 the 
lateral shrinkage is about four times the axial for the 
standard values used.
T h is  has im p o rta n t Im p lic a t io n s  f o r  th e  f a i lu r e  
mechanism o f c ro s s e d -p ly  la m in a te s , to  be d iscu sse d  in  a la t e r  
s e c t io n .
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CYLINDRICAL MODEL.
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8.2. Shrinkage Effects in Paralle1-Fibre Arrays.
‘ When an arxay is regarded as an
assembly of cylindrical unit models with matrix-filled 
interstices, shrinkage will introduce compatibility/stresses 
in the same way as axial loading was found to do in section 3*3* 
It therefore becomes necessary to make some assessment of 
these lateral stresses in order to find out whether they may 
be large enough to significantly affect the behavipur of the 
composite.
Using the dnstributed-ligsment model and the ’constant 
stress’ assumption postulated in 3*3*? analysis may be 
carried out in a closely analogous manner to that for axial 
loading, choosing for convenience the hexagonal and square 
arrays and defining the system geometries as in Fig.40.
Hexagonal Array. Square Array.
F ig .4 0 . SYSTEM GEOMETRIES fo r COMPATIBILITY 
STRESSES due to  SHRINKAGE.
In each of the above arrays, the 
total strain e^  on any ligament AB, and also the overall 
lateral strain of the array, due to a temperature rise 0 is 
given by:-
e t -  *& , ( £ * ' 0 ♦ * « • » '  v  • /
= t - C c c o s  (fi (187)
so that the compatibility stress is:- 
(o = (i^d-eYJccs} -ldrAe-etX)
I -  p cos. <p f
For the hexagonal array,
JL r 6
1 (D cos (j> ~ &
(p = 2U(h^))
(188)
from (25)•
Elimination of e^_ between (188) and (25) leads to:
<3 » •i Em (o<m 0 " ?o()
Cos
cbs<f)-(2o l„-i)
2pcClt
| - pcos<P Zy>dn (189)
where 7 is the tangential stress at the outer, surfacePof the unit cylinder, and is given, from Fig.37? by
<», - zJ A l . • (o,
3 -|-h«- ( 190)
and U ' 1 ba«JL ± t £
P (/{  -  p7  L H  I TP
Similarly, for the square array, 
.x
jdCcos^ +Sib<f)c{& ff O
-  JT 
a
from (31)
and elimination of e^  between (188) and (31) gives:-
j- pCosj
COS(f -
p(o(a^) (191)
where
“ 4 - L * 7 ‘ ( f e )
Using (189) and (1 9 1 )» the greatest tensile and 0 
compressive values of the compatibility stress.d are plotted in 
Fig.41, from which it is seen that these stresses, though 
smaller than the unit cylinder stresses plotted in Fig.38 for 
the same standard.values, may still have an appreciable effect 
on the mode of failure.
Compatibility requirements will also lead to a small 
increase:,in; transverse shrinkage, but this is not expected to 
be as great as the error involved in the assumptions on which 
the analysis has been based, and will not be separately 
estimated here.’© •>" •’ - 7 ’ - d - :• >;■
SQUARE
ARRAY
HEXAGONAL 
ARRAY I
8
d
©c~eo
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4
2
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;F ig.41 COMPATIBILITY STRESSES DUE TO SHRINKAGE.
9 . The E f fe c t  o f F ib re  Le n g th .
In  g e n e ra l, th e  f ib r e  le n g th  in  a 
com posite  depends upon th e  n a tu re  o f the  b a s ic  m a te r ia l from  
w hich the  m ould ing  is  c o n s tru c te d . F a r a l le l - f ib r e  m at, f o r  
example, has s tra n d s  o f e f f e c t iv e ly  i n f i n i t e  le n g th  in  th e  
sense th a t  th e re  are no f re e  ends w ith in  the  body o f  th e  
component, u n le ss  the  mat i s  in t e n t io n a l ly  c u t w i th in  th e  
boundary o f the  system ; and th e  same a p p l ie s ‘ to  fila m e n t-w o u n d  
systems and to  m ould ings u s in g  im pregnated c l o t h . .
R andom -fib re  m at, however, g e n e ra lly  u se s ,a  s tra n d  
le n g th  o f the  o rd e r o f 2 in c h e s , , and dough-inou ld ing  compounds 
are c o n fin e d , f o r  the  sake o f  w o r k a b i l i t y ,  to  f ib r e  le n g th s  
o f  about a q u a r te r  to  h a l f  an in c h .
- I t  i s  th e re fo re  n e c e s s a ry .to  ob ta in .som e in d ic a t io n  o f 
th e  e f fe c t  o f  f i n i t e  f ib r e  le n g th  on the  p ro p e r t ie s  o f the  
com pos ite . .v
A l im i te d  f i e l d  o f h ig h  lo c a l  s tre s s  
e x is ts  a t th e  end o f a f ib r e  in  a s tre s s e d  com pos ite , b u t i t  
i s  n o t in te n d e d  to  e s tim a te  th e  s tre s s e s  in v o lv e d  in  the  
p re se n t tre a tm e n t, as t h e i r  e f fe c ts  on th e  o v e r a l l  s tre n g th  
o f  th e  com posite  are o f the  same o rd e r as those  o f o th e r  types 
o f  d is c o n t in u i t y  o c c u rr in g  in  a com m erc ia lly -m ou lded  com pos ite ; 
f ib re -e n d  s tre s s  f ie ld s  may th e re fo re  be p la ce d  under, th e  
g e n e ra l heading o f ’ f la w s ’ and w i l l  be t re a te d  as such in  a 
fo l lo w in g  s e c t io n .
In  t h is  s e c t io n ,  a n a ly s is  w i l l  be c o n fin e d  to  th e  s im p le  
case o f an id e a l is e d  system o f f i n i t e  p a r a l le l  f ib r e s ,  and 
an in d ic a t io n  w i l l  be o b ta in e d  o f the  e f fe c ts  o f le n g th  on th e  
a x ia l  and tra n s v e rs e  m o du li o n ly .
The id e a lis e d  system to  be ana lysed  
is  shown in  F ig .42 , and may be developed from  an a r ra y  o f 
i n f i n i t e  p a r a l le l  f ib r e s  by c u t t in g  each f ib r e  in to  le n g th s  f l ’ 
and moving these le n g th s  a p a rt a x ia l l y  u n t i l  the  a x ia l  gap 
i s  ’ L - l ’ as shown. A t th e  same tim e , th e  gap is  f i l l e d 'w i t h  
m a tr ix  and a d ja c e n t f ib r e s  a re : drawn c lo s e r  to g e th e r  so as to  
keep the  f ib r e  volume f r a c t io n  c o n s ta n t. A n a ly s is  is  th e n  
c a r r ie d  ou t in  term s o f the  r a t i o  /£ = t ,  keep ing  in  mind th a t  
even w ith  a c lo se -pa cke d  hexagonal a r ra y  th e  f i b r e .volume- 
f r a c t io n  v^ cannot exceed 0 .9 0 6 t.
Interrupted Single F ib re
v  !
Y
x-----\
-\ \-
Idealised A rray  
o1 IntorruptQd Fi bres
Fig.42.INTERRUPTED FIBRE SYSTEMS.
9*1* P a r a l le l  In te r ru p te d  F ib re s  under A x ia l L o a d in g .
9 .1 .1 .  Independent F ib re  System. „
A f i r s t  approach may re g a rd  each 
f ib r e  and i t s  su rro u n d in g  m a tr ix ,  v is u a l is e d  as a u n i t  
c y l in d r ic a l  model o f  . le n g th  L w ith  an embedded f ib r e  o f le n g th  
1 « t L ,  as behaving in d e p e n d e n tly  o f a d ja ce n t f ib r e s  in  the  
a r ra y ,  w ith o u t re g a rd  to  the  d is t r ib u t io n  o f gaps in  th e  
group o f f ib r e s .  A n a ly s is  o f such a model under a x ia l  lo a d in g  
g iv e s ,  u s in g  th e  approx im ate  assum ption th a t  p lane  tra n s v e rs e  
s e c tio n s  rem ain  p la n e ,
iL.ea a-*)
le a d in g  t.o :~
= A
•n*
= [
(192)
-i
mean ax totI s-frtrr)
s in ce  v.
t + (to-OVj.
2. n t *
9 *1 .2 .  L in ked  F ib re  System.
An a l te r n a t iv e  approach assumes 
th a t  a t any c ro s s -s e c t io n  th e  t o t a l  lo a d  i s  e ve n ly  d is t r ib u te d  
between the  f ib r e s  and m a tr ix  c ro s s in g  the; s e c t io n .  The 
a p p ro x im a tio n  here l i e s  in  th e  om iss ion  o f s tre s s  g ra d ie n ts  
in  the  m a tr ix  which would cause the  lo a d , in  p r a c t ic e ,  to  be 
'c a r r ie d  a c ro s s ' the  gap i-3. a f ib p e  by the  im m e d ia te ly  a d ja ce n t
fibres and matrix, with relatively small transfer to fibres
further from the interruption*
If the gaps are taken to be evenly staggered, the:system
can be id e a lis e d  to  the  a r ra y  shown in  F ig * 42 .
In this array, the effective fibre volume fraction..v^ ,
a t  a tra n s v e rs e  s e c t io n  d e fin e d  by the  o rd in a te  x ,  is  s im p ly
the ratio of fibre area to total area in the cross section, and
is given by the .following expressions:- = A
\  « Q 6 rx )y f (pgx&b) 1 bzO*-- Vfr * (o s^ s :H r )V
„  ' » A M
■a C-X+) Vf _ (t+^ 'Ox/Ltci-fc) ~  ~ VJ-
If the local value of Eo is then taken to be approximately
- £m(|+ Cn-ilVfC)
the overall value of E0 will be given by 
r  f' ‘
f  \ — —  
• J /4 (m-i) Vi.
o o
which leads to:- f
E<\ * 6*-+ 4 +■ J  ( L > 0.s)
f -l
-f 7 AG j) + o-OMFi.\f (t<0-5)
t'Ci't) UOfc) + ChZhX^-O vf-JJ
(197)
9.1 *3* Generalised System* r - V
. The curves represented by e q u a tio n s  
(193) and (197) are plotted against v^  in Pig.43, for se lected , 
values of .the parameter t* It is seen that there is a large 
difference between the two curves for a given value oft, and 
the problem arises of presenting a curve between these boundary 
cases which will reasonably express the probable behaviour o f 
a true composite.
For each value of t there is a limiting v^.value of 0. 906t 
representing the case where the fibres are in a touching 
hexagonal array; and it is assumed that ;at this end of the y 
range the behaviour will tend more towards that of .the 
hypothetical linked fibre system, due to the shortages of 
interstitial matrix to exercise shear diffusion. This will be 
less true at low t values, where a gap will not necessarily be 
overlapped by fibres om most sides, but variations at this end 
of the scale are not thought important enough to warrant a 
detailed separate afialysist A*r..
m 
m
Fig. 43. AXIAL MODULUS OF ELASTICITY FOR SYSTEM 
OF INTERRUPTED PARALLEL FIBRES
At v e ry  low  Vj> va lu e s  on a g ive n  t  c u rv e , however, 
th e  average f ib r e  w i l l  be separa ted  from  a d ja ce n t f ib r e s  by 
a c o n s id e ra b le  body o f  m a tr ix ,  g iv in g  i t  a g re a te r  tendency 
to  em ulate th e  independen t f ib r e  p o s tu la te d  in . 9 *1 •1 *
Reasoning on th e  p re ce d in g  l in e s ,  an a r b i t r a r y  t r a n s i t io n  
curve  i s  sh o w n .fo r each t  va lu e  in  F ig .43; t h is  curve  i s  
ta n g e n t ia l to  th e  a p p ro p r ia te  independent f ib r e  curve  ( 193). 
a t  V£=0, and then  swings away towards the  l in k e d  f ib r e  c u rv e , 
(197)» which i t  meets a t th e  l im i t i n g  v^ p o in t  f o r  the  g ive n  
va lu e  o f t .
I t  i s  c le a r  th a t  in  most p r a c t ic a l-  cases th e  param ete r t  
has no c le a r  m eaning; f ib r e s  w i l l  n o t ,  in  g e n e ra l,  be p re s e n t 
as c o -a x ia l in te r r u p te d  s tra n d s , b u t as independent segments 
n o t a lig n e d  e x a c t ly  w ith  any o.therp ne a rb y . Nor,, were such../ 
a lig n m en ts  p re s e n t, would th e  va lue  o f  t  be co n s ta n t th ro u g h o u t 
th e  com pos ite . -
The param eter may s t i l l  be used, however, i f  i t  i s  ta ke n  
as d e f in in g  an id e a lis e d  system which would have the  same, o v e ra l 
p ro p e r t ie s  w ith  re g a rd  to  a x ia l  lo a d in g  as th e  t ru e  com posite  
w hich i t  i s  b e in g  used to  d e s c r ib e .
A t ru e  m a te r ia l would have a m iE tu re  o f t  va lu e s  f o r  a 
g iv e n  f ib r e  c o n te n t,  and i t  th e re fo re  becomes reasonab le  to  
o b ta in  a s in g le  mean cu rve  e xp re s s in g , in  a q u a l i t a t i v e ly  
a cce p ta b le  manner, th e  g e n e ra l e f fe c t  o f  u s in g  ’ s h o r t1 f ib r e s  
i n  a p a r a l le l  a r ra y ;  th e  word ’ s h o r t ’ in  t h is  c o n te x t has y e t 
to  be d e f in e d . Such a cu rve  has been o b ta in e d  by a ve ra g in g  
th e  t r a n s i t io n  cu rves in  F ig .43 a t the  m id p o in t o f th e  
range a v a ila b le  to  each va lu e  o f t .  The curve  th us  
o b ta in e d  is  in d ic a te d  by a broken l i n e ,  and suggests th a t  the  
lo s s  in  a x ia l  modulus i s  about 30$ a t v^  = 0 .2 ,  f a l l i n g  to  
about 3$ a t v^  = 0 .6 .
T h is  c u rv e , however, o n ly  expresses in  g e n e ra l term s 
th e  e f fe c t  o f  in te r r u p t in g  the  f ib r e s ,  and w h ile  i t  im p lie s  the  
use o f f ib r e  le n g th s  w hich are r e la t i v e l y  sm a ll compared w ith  
th e  o v e ra l l  d im ensions o f th e  system , i t  makes no s p e c i f ic  
re fe re n c e ltD  th e  e f fe c ts  o f v a ry in g  th e  f ib r e  le n g th  as such.
T h is  independence o f  f ib r e  le n g th  o r ig in a te s  in  th e  assum ption 
th a t  a s h o r t f ib r e  is  f u l l y  e f fe c t iv e  in  te n s io n  over i t s  
whole le n g th .  I f  t h is  were t r u e ,  th e  above cu rves would be / 
v a l id  f o r  a l l  le n g th s  o f  f i b r e ,  p ro v id e d  o n ly  th a t  e a c h - f ib re  
had a t le a s t  one b reak w ith in  the  boundaries  o f the  system .
In  p r a c t ic e ,  the  te n s i le  lo a d  in  a s h o r t  f ib r e  f a l l s  o f f  
tow ards i t s  ends, so th a t  i t s  e f fe c t iv e  1f u l l - l o a d 1 le n g th , 
f o r  use in  the  above e x p re s s io n s , i s  le s s  th a n  i t s  t ru e
... ;... .. . , 9 5
le n g th  byV ^ay* -T-s 1 "d ia m e te rs . 5 T fa  e ffe c tL ye e vo lu m e ;1 f r a c t io n -  
f o r  a com posite in  which a l l  f ib r e s  ia v e  le n g fh  1 and. d ia n ie te r/ 
d i s  t h e n : - / *  ' ’ .< v  . ‘ . / . / I  '% >  * '*
v( L- yf I
In  F ig .44, 'the mean curve  from  F ig .43 /is ,;-show n c o r re c te d , 
u s in g  a t y p ic a l  130-co u n t s tra n d  o f 204 f i la m e n ts e a c h  o f . f; 
0.000375 in .  d ia m e te r, g iv in g  an e f fe c t iv e  s trand , d ia m e te r o f -
0 .00536 in .  . ' ,;!■'• ' f a
Taking s to  have a t y p ic a l  va lue  o f 10, the  c o r re c t io n  fo r ;  
i s  th e n : -  : „ -fa/V- f v
I
where th e  s tra n d  le n g th  1 i s  in  in c h e s . ; '
’ . •“ F ig .44 in d ic a te s  th a t  th e  a x ia l
modulus is  r e la t i v e l y  in s e n s it iv e  to  f ib r e  le n g th  when the? 
l a t t e r  exceeds about 2 inches  f o r  the  t y p ic a l  s tra n d  s p e c if ie d  
above, b u t f a l l s  o f f  r a p id ly  w ith  fu r th e r  s h o rte n in g  o f the  
f ib r e s .  For a f ib r e  le n g th  o f 0 .25  in ,  th e  lo s s  in  modulus 
i s  about 20/1 over most o f th e  f ib r e  co n te n t range .
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9 *2 . P a r a l le l  In te r ru p te d  F ib re s  under T ransverse  Lo a d in g , j 
9 *2 .1 .  Independent F ib re  System.
Under tra n s v e rs e  lo a d in g  th e re  i s  
no systeih w hich i s  s t r i c t l y  analogous in  i t s  mechanism to  the  
independen t f ib r e  b e h a v io u r p o s tu la te d  in  9 *1 *1 * f o r  a x ia l  
lo a d in g .
To o b ta in  a s im i la r  extrem e c o n d it io n  f o r  the  la t e r a l  
modulus a n a ly s is ,  however, i t  i s  p o s s ib le  to  p o s tu la te  the  
id e a l is e d  system shown in  F ig u r© (4 5 ,. where th e  f ib r e s  are  
ta ke n  to  be a l l  th e  same le n g th  and to  have t h e i r  gaps 
p e r fe c t ly  a lig n e d . T h is  system then  becomes an a l te r n a t io n  o f 
m a tr ix  and ’ lo n g - f ib r e ’ b lo c k s  loaded in  p a r a l le l ,  as in d ic a te d  
in  th e  f ig u r e .
I t .  w i l l  be a p p re c ia te d  th a t  the  same system, ana lysed  f o r  
a x ia l  lo a d in g , would le a d  to  th e  1 in d e p e n d e n t; f i b r e 1 e xp re ss io n s
Fig.45. ORTHOGONAL ALIGNMENT OF INTERRUPTED 
PARALLEL FIBRES.
I f  H denotes ^ t /E m a t  a volume f r a c t io n  v ^ 1 = i t
is . found th a t  f o r  l a t e r a l  lo a d in g  o f th e  above system , n e g le c t i r  
in te r fe re n c e  a t the  bo un d a ries  between th e  ’ m a t r ix ’ and ’ lo n g -  
f i b r e 1 bands,
S  . i C r - 0
(200)
T h is  is  found to  g iv e  a h ig h e r va lu e  o f la t e r a l  modulus 
than  th a t  f o r  a lo n g - f ib r e  system o f th e  same f ib r e  volume 
f r a c t io n .
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9 *2 .2 . L in k e d  F ib re  System
C o n s id e rin g  aga in  the  id e a lis e d
a rra y  o f F ig .42, in  w hich th e  f ib r e  gaps are u n ifo rm ly  
s taggered  to  g iv e  th e  extreme c o n d it io n  com plem enting th a t  
re p re se n te d  in  F ig .4 5 , the  a p p lic a t io n  o f  a u n i fo r m . la te r a l  
s t r a in  e^ _ p roduces, a t a s e c t io n  d e fin e d  by x ,  a lo c a l  la t e r a l
(203) are p lo t te d  in  F ig .46 f o r  s e le c te d  va lu e s  o f t ,  ta k in g  
K va lu e s  from  e q u a tio n  (120) w ith  m = 20.
when a r b i t r a r y  t r a n s i t io n  curves are c o n s tru c te d  on the  
b a s is  o f the  same assum ptions as in  9*1*5*»  th e  r e s u l ta n t  mean 
curve  is  found to  l i e  s l i g h t l y  below th e  ' i n f i n i t e  f i b r e '  curve  
( t= 1 )  f o r  va lu e s  o f v^  g re a te r  than  about 0 . 52, and s l i g h t l y  
above a t 3.ower f ib r e  c o n te n ts . The shape and lo c a t io n  o f th e  
mean curve depend on so many a r b i t r a r y  assum ptions, however, 
th a t  i t  would be unwise to  base d e ta i le d  c o n c lu s io n s  on i t s  
shape as drawn in  F ig .46.
Under la t e r a l  lo a d in g  th e  f u l l  le n g th  o f a f i n i t e  f ib r e  
may be taken  as e f f e c t i v e ,> to  th e  degree o f accuracy 
c h a ra c te r is in g  th e  p re se n t tre a tm e n t; th e re  i s  no s ig n i f ic a n t  
lo s s  o f s tre s s  tra n s m is s io n  tow ards the  ends as appeared in  
th e  a x ia l ly - lo a d e d  system . The mean curve  o f  F ig .46 i s  th e re fo re  
re le v e n t to  a l l  p ra c t ic a b le  f ib r e  le n g th s .
(201)
w here, cl s b >
The average la t e r a l  s tre s s  & ^ i s  th en  g ive n  by :
Jci+ Cl-*)ft ' (202)
u
From (1 9 4 ), (201) and (2 0 2 ),
(203)
9 *2 .3 *  G e n e ra lise d  System.
The curves re p re se n te d  by (200) and
Fig. 46 . LATERAL MODULUS OF ELASTICITY FOR
SYSTEM OF INTERRUPTED PARALLEL FIBRES.
10. F a i lu re  Mechanisms in  an Id e a lis e d  Com posite.
1 0 .1 . D e f in i t io n s  o f F a i lu re .
'-*• When in c re a s in g  s tre s s  is  a p p lie d  to
a f ib r e - r e in fo r c e d  com posite  which i s  fre e  o f i n i t i a l  f la w s ,  
th e  f i r s t  lo c a l  f a i lu r e  w i l l  g e n e ra lly  f a l l  in to  one o f  th re e  
c a te g o r ie s : -  %
(a ) /M a t r ix  f r a c tu r e
(b ) F ib re  f r a c tu r e
(c )  Bond f a i lu r e  a t th e  f ib r e - m a t r ix  in te r fa c e .  ©
I n i t i a l  f a i lu r e  o f one o f these  types  w i l l  n o t 
u s u a lly  p r e c ip i ta te  t o t a l  c o lla p s e  o f th e  system , b u t w i l l  le a d  
to  a r e d is t r ib u t io n  o f in te r n a l  s tre s s  w ith o u t f u r th e r  f a i lu r e  
u n t i l  the  a p p lie d  lo a d  is  fu r th e r  in c re a s e d , when fu r t h e r  
f ra c tu re s  w i l l  o ccu r. P ro g re ss ive  damage w i l l  th e re fo re  ta k e  
p la ce  w ith  in c re a s in g  lo a d  u n t i l  some k in d  o f s a tu ra t io n  
c o n d i t io n - is  reached a t which no r e d is t r ib u t io n  o f  in te r n a l  
s tre s s  caneaccommodate a f u r t h e r  lo a d  in c re m e n t, when t o t a l  
f a i lu r e  w i l l  f i n a l l y  o ccu r.
In  p r a c t ic e ,  a m ould ing  w i l l  a lways c o n ta in  a more o r 
le s s  random d is t r ib u t io n  o f s t r e s s - r a is in g  fe a tu re s ;  these  may 
be in h e re n t ,  such as f ib r e  end e f fe c ts  in  1s h o r t - f ib r e * systems 
o r may be p rocess p ro d u c ts  such as v o id s ,  sh rinkage  c ra c k s , 
bond d is c o n t in u i t ie s  and f ib r e  bunch ing . Such fla w s  make the  
s tre n g th  p r e d ic t io n  f o r  com m ercia l m ould ings an e s s e n t ia l ly  
s e m i-e m p ir ic a l e x e rc is e , b u t a th e o r e t ic a l  s tre n g th  based on 
an id e a lis e d  system may n e v e rth e le s s  have va lu e  as a b a s is  f o r  
e s t im a t io n  o f m ou ld ing  q u a l i t y .
F a tig u e  and creep c o n d it io n s  in v o lv e  a p ro g re s s iv e  damage 
p rocess s im i la r  to  th a t  d e sc rib e d  above, b u t w i l l  n o t be 
co n s id e re d  in  t h is  s e c t io n ;  a n a ly s is  w i l l  be c o n fin e d  to  the  
p re s e n ta t io n  o f t h e o r e t ic a l  f a i lu r e  modes f o r  a v a r ie ty  o f 
id e a l systems under s t a t ic  lo a d in g , ta k in g  sh rin kag e  e f fe c ts  
In to  account where these  appear re le v a n t .
1 0 .2 . N um erica l V a lues .
F o llo w in g  the  p ra c t ic e  o f  e a r l ie r  
s e c t io n s ,  i t  i s  co n ve n ie n t to  use n u m e r ic a l ; i l lu s t r a t io n s  
based on nom ina l s tre n g th  va lu e s  f o r  the  c o n s t itu e n ts .
Proposed va lu e s  a r e : -
I la t r i x  te n s i le  s tre n g th  (o  m = 10 000 l b f / i n 2
F ib re  te n s i le  s tre n g th  d > fu - 5^0 000 l b f / i n 2
Bond te n s i le  s tre n g th  ( j , = 8 000 I b f / i n ^
M a tr ix  shear s tre n g th  QT = 5 000 l b f / i n 2Hlu v
Bond shear s tre n g th  : . "X v,u x  4 000 i b f / i n
Bond, s tre n g th  va lu e s  are s u b je c t in  p ra c t ic e  to  c o n s id e ra b le
. . i
v a r ia t io n ,  and average va lu e s  are d i f f i c u l t  to  o b ta in ; t ru e  
f ig u re s  would te n d  to  be lo w e r than  those g iv e n  due to  th e  e f f e c t  
o f  lo c a l  d is c o n t in u i t ie s .
10 .3 * F a i lu re  o f P a r a l le l - F ib r e  Systems.
. 5 A t te n t io n  w i l l  be c o n fin e d  here to  
1lo n g - f ib r e *  system s, as f ib r e  end e f fe c ts  under a x ia l  lo a d in g  
f o r  1s h o r t - f ib r e 1 com pos ites , though hav in g  a co n s id e ra b le , 
e f fe c t  on s t re n g th ,  re q u ire  a s o p h is t ic a t io n  o f a n a ly s is  which 
p la ce s  such, cases o u ts id e  th e  c o n te x t o f  th e  p re se n t s im p le  
tre a tm e n t.
1 0 .3 *1 • A x ia l Loa d ing .
Under id e a l c o n d it io n s ,  the  e x te n s io n  
to  f a i lu r e  o f a g la s s  f ib r e  i n  te n s io n  i s  g re a te r  th a n  i s  th a t  
o f  a t y p ic a l  m a tr ix  m a te r ia l,  so th a t  a x ia l  lo a d in g  o f the  
p a r a l l e l - f ib r e  system w i l l  cause the  m a tr ix  to  f a i l  f i r s t  and 
le a ve  the  g la ss  to  c a r ry  th e  lo a d . I f  th e re  i s  in s u f f i c ie n t  
g la s s  to  c a r ry  th e  lo a d , m a tr ix  f a i lu r e  w i l l  le a d  a t once to  
t o t a l  f a i l u r e ;  i f  more g la ss  is  p re s e n t, however, m a tr ix  
f a i lu r e  may precede t o t a l  f a i lu r e  by a c o n s id e ra b le  m arg in  o f 
a p p lie d  s t re s s .
S hrinkage causes m a tr ix  f a i lu r e  to  occu r a t a reduced 
a p p lie d  s t re s s ,  due to  the  i n i t i a l  te n s io n  in  the  m a tr ix  in  
th e  a x ia l  d i r e c t io n .
The R e s u lt in g  th e o r e t ic a l  f a i lu r e  p a t te rn  i s  summarised 
f o r  s tanda rd  va lu e s  in  F ig . 47 , u s in g  th e  fo l lo w in g  r e la t io n s h ip s  
A p p lie d  s tre s s  to  cause m a tr ix  f a i lu r e
~ )  (204)
where £y  = a x ia l  m a tr ix  te n s io n  due to  s h r in k a g e , 
g ive n  by e q u a tio n  (185)
A f te r  m a tr ix  f a i l u r e ,  the  a p p lie d  s tre s s  
to  cause f a i lu r e  o f  th e  re m a in in g  g la ss  i s : -
^ VjL. <3^ .. . .. (205);
In  F ig .47? sh rinkage  e f fe c ts  are shown f o r  a t y p ic a l  
c o o lin g  range o f  120°C, and are seen to  be n e g l ig ib le  in  
t h is  p a r t ic u la r  system .
I t  i s  a ls o  seen from  F ig .47 th a t  m a tr ix  f a i lu r e  le a ds  
im m e d ia te ly  to  t o t a l  f a i lu r e  o n ly  a t v e ry  low  f ib r e  c o n te n ts , 
th e  c r i t i c a l  v^  va lu e  f o r  the  f ig u re s  used here b e in g  about 0 .0 9
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FIBRE SYSTEM UNDER AXIAL LOADING.
10 .3«2 . L a te ra l Loa d in g .
F a i lu re  under la t e r a l  lo a d in g  is  
in h e re n t ly  more co m p lica te d  than  under a x ia l  lo a d in g , p a r t ic u la r  
a llow ance be in g  necessary f o r  sh rinkage  e f fe c ts  and f o r  
th e  debonding p rocess which co u ld  be ig n o re d  in  the  s im p le  
tre a tm e n t o f the  lo n g - f ib r e  a x ia l  lo a d in g  system .
The. p re se n t tre a tm e n t can o n ly  g ive  a v e ry  approxim ate  
in d ic a t io n  o f th e  f a i lu r e  mechanism, s in ce  i t  is  based upon 
a h y p o th e t ic a l system o f u n id ir e c t io n a l  te n s i le  s tre s s  w hich 
would become in c re a s in g ly  in a c c u ra te  as f a i lu r e  deve loped .
For the  p o s tu la te d  system , two a l te r n a t iv e  f a i lu r e .  ■ '<
processes may o ccu r, as in d ic a te d  in  F ig .48.
For conven ience ," a n a ly s is  is  here, c a r r ie d  out in  term s 
o f a square a r ra y ,  which would tend, to  be th e  source o f 
i n i t i a l  f a i lu r e  in  a m ixed a r ra y .
]I
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LATERAL LOADING WITHOUT SHRINKAGE.
LATERAL LOADING WITH SHRINKAGE.
Fig.48. THEORETICAL FAILURE MODES 
UNDER LATERAL LOADING.
I f  sh rinkage  i s  n e g le c te d , the  
s tre s s  d is t r ib u t io n  under la t e r a l  lo a d in g , p r io r ,  to  f a i l u r e ,  
ta ke s  the  form  shown in  F ig .4 8 (a ) .  S ince th e  u lt im a te  bond 
s tre s s ,h a s  been assumed to  be le s s  than  th e  u lt im a te  te n s i le  
s tre n g th  o f the  m a tr ix ,  bond f a i lu r e  w i l l  be i n i t i a t e d  a t A 
and w i l l  spread a long  the  in te r fa c e  as in  4 8 (b ) , u n t i l  t o t a l  
debonding lea ve s  th e  m a tr ix  th ro ug h  B c a r ry in g  th e  lo a d  as in  
4 8 ( c ) .
I f  the  s tre s s  ( fa  re q u ire d  to  i n i t i a t e  debonding a t  -A 
i s  g re a te r  than  th a t  which the  m a tr ix  can c a r ry  a f t e r  t o t a l  
debonding, com plete f a i lu r e  w i l l  take  p la ce  when the  a p p lie d  
s tre s s  causes th e  i n i t i a l  debonding as a t ( a ) .  O the rw ise ,
. th e  system may c o n tin u e  to  hang to g e th e r . w ith  no bond ing , 
u n t i l  the  a p p lie d  s tre s s  i s  in c re a se d  s u f f i c ie n t l y  to  cause 
f a i lu r e  o f th e  re s id u a l m a tr ix *  a t ( fa .
The s tre s s  to  cause i n i t i a l ,  debonding in  the  absence' 
o f  sh rinkage  e f fe c ts  i s ,  f o r  th e  id e a lis e d  c o n d it io n s  
o f  the  p re se n t c o n te x t,
A * —  l
f s t j -  d u  (206)d
where is  g ive n  by e q u a tio n  (63).
>U0
Fig. 49. THEORETICAL STRENGTH OF PARALLEL FIBRE 
SYSTEM UNDER LATERAL LOADING.
(SQUARE ARRAY)
W hether. sh rin kag e  i s  p re se n t o r n o t ,  the  a p p lie d  s tre s s  to  
cause m a tr ix  f a i lu r e  a f t e r  t o t a l  debonding i s ,  n e g le c t in g  
s tre s s  c o n c e n tra tio n s  a p p ro p r ia te  to  the  re le v e n t system o f 
r i g i d  in c lu s io n s  in  an e la s t ic  f i e l d ,  . .
= O "  |,|2^ f  )  f o r  a square a rra y  (20?)
The cu rves re p re s e n tin g  (206) and (207) are p lo t te d  in  
F ig . 49, where th e y  are seen to  c ross  a t v f  » 0 . 13. a p p ro x im a te ly .
A t va lu e s  below 0 .1 3 , ^  t i  Dov/er than  s0
th a t  i n i t i a l  debonding does n o t le a d  to  t o t a l  fa i3 .u re ; b u t a t 
h ig h e r  va lue s  o f  v^  the  o rd e r is  re ve rse d  so th a t  O  becomes 
th e  u lt im a te  s tre n g th  o f th e  system . T h is  c o n d it io n  i s ,  o f  cours  
dependent upon th e  va lu e s  ass igned to  d , . and as w e ll
: 104
hu mu
as upon the . assum ptions in h e re n t in  th e  a n a ly s is .
When sh rinkage  e f fe c ts  are p re s e n t, 
i t  becomes necessary to  superimpose the  sh rin ka g e  s tre s s e s  o f 
s e c t io n  8 upon th e  la t e r a l  s tre s s e s  o f  paragraph 4 .2 . ,  so th a t  
in  g e n e ra l the  s tre s s e s  a t A and B become,’t>-
(208)
where d  ^ a n d ^ C ^  are g iv e n  by e q u a tio ns  (182) and (183) 
re s p e c t iv e ly ,  and e q u a tio n  (55)♦
I f  sh rinkage  s tre s s e s  are s m a ll,  debonding w i l l  be 
i n i t i a t e d  a t A. when d ^  reaches d> , as b e fo re ; th is ,  occurs 
a t a la t e r a l  s tre s s  <3^? g ive n  b y : -
=  ( i j  4 ]  <2 1 0 >
Under c o n d it io n s  o f  h ig h  s h r in k a g e , however, ■6  B may 
reach  (^ mil b e fo re  (210) a p p lie s ;  t h is  occurs a tmu
- I
( 2 1 1 )
and would le a d  to  m a tr ix  f a i lu r e  fo llo w e d  by com plete debonding 
and t o t a l  f a i lu r e  as in  4 8 (e ) .
E qua tions  (210) and (211) are p lo t te d  in  F ig .49 f o r  va lu e s  
o f  d ^  and (^2 co rre sp o n d in g  to  a te m pe ra tu re  drop o f 120^0.
I t  i s  seen th a t  f o r  va lu e s  o f  v^  lo w e r th a n  about 0 .1 2
i n i t i a l  f a i lu r e  occurs in  th e  m a tr ix  a t B, and may be expected 
to  le a d  to  com plete f a i lu r e  as in  4 9 (e ) ; b u t a t h ig h e r  f ib r e  
c o n te n ts  f a i lu r e  ta ke s  th e  same form  as when sh rinkage  i s  
n e g le c te d .
Comparison o f th e  t o t a l  f a i lu r e  envelopes im p lie s  th a t  
sh rin kag e  e f fe c ts  tend  to  in c re a se  tra n s v e rs e  te n s i le  s tre n g th  
a t a l l  b u t th e  lo w e s t f ib r e  c o n te n ts , and th a t  in  a l l  cases 
th e  s tre n g th  f a l l s  o f f  w ith  in c re a s in g  f ib r e  c o n te n t.
10.3 •3• Shear Loading♦ il
SHEAR IN TRANSVERSE PLANE
SHEAR IN AXIAL PLANE
Fig.50. THEORETICAL FAILURE MODES UNDER 
SHEAR LOADING.
F ig s .55 (a ) and (b ) in d ic a te  h ig h ly  s im p l i f ie d  f a i lu r e  • 
mechanisms foj? shear a p p lie d  in  a p lane  norm al to  the  f ib r e  
axes, ta k in g : no account e i t h e r  o f sh rinkage  e f fe c ts  o r  o f the  
d i r e c t  s tre s s e s  which must be genera ted by the  d is t o r t io n  
shown.
F a i lu re  is  i n i t i a t e d  a t the  in te r fa c e  a t A and B when 
th e  bond s tre n g th  in  shear is  e q u a lle d  by the  sh e a rin g  s tre s s  
as g ive n  by e q u a tio n  (132) o f s e c t io n  5? n o t in g  th a t  t h is  1 
a p p lie s  bo th  in  a x ia l  p lahe  shear as in  s e c t io n  5 and in  
tra n s v e rs e  p lane  sh ea r, here and in  s e c t io n  6.
I t  i s  then assumed th a t  debonding runs a long  the  in te r fa c e  
u n t i l  s e p a ra tio n  i s  com p le te , when the  f ib r e  becomes m ere ly  
a peg in  the m a tr ix  shear f i e l d .  I f  the  p o s s ib i l i t y  o f shear 
f a i lu r e  on d ia m e tra l p lanes w ith in  the  f ib r e  is  n o t- ta k e n
in t o  accoun t, -  a reasonab le  assum ption f o r  s in g le  f i la m e n ts ,  
b u t open to  doubt f o r  a s tra n d e d  f i b r e ,  ~ f i n a l  f a i lu r e  can, 
occu r o n ly  a long  p lanes n o t c o n ta in in g  a f ib r e  segment, i : e  
a long  the  u n i t  c e l l  boundaries  o r c lo s e ly  p a r a l le l  p la n e s . T h is  
w i l l  r e q u ir e ,  in  th e  s im p le s t assumed system , the  f u l l  m a tr ix  
u lt im a te  s tre s s  to  be genera ted  a long the  p lane  o f f a i l u r e  as 
in  F ig .5 0 (b ) .  - '
The a p p lie d  s tre s s  to  cause i n i t i a l  f a i lu r e  ( F ig .5 0 (a ) )  
i s  th e n : -
-l
71 (212)
where, from  (132) , ( \  ^  **.’ ! +
(• U^ko 'Xaho' r*
The a p p lie d  s tre s s  f o r  t o t a l  f a i lu r e  . (F ig .56(b ) )  i s : -
T  - T  (215)
When shear is  a p p lie d  in  p la n es  •; 
p a r a l le l  to  the  f ib r e  axes, bond f a i lu r e  aga in  occurs a t A 
when the  maximum s tre s s  th e re ,  g ive n  by e q u a tio n  (1 3 2 ) , :  
reaches the  bond shear s tre n g th .  The a p p lie d  s t re s s - to  
cause i n i t i a l  f a i lu r e  i s  th e n : -
T at| -
-w h ich  i s  seen to  be the  same as (212) 
i f  i t  i s  accepted th a t  th e  s tre s s  d is t r ib u t io n  re p re se n te d  
by (132) ia a p p lic a b le  to  b o th  tra n s v e rs e  and a x ia l  p lane  
sh e a r.
Spread o f  debonding a lo ng  the  in te r fa c e  le a d s , f o r  th e  
system p o s tu la te d  h e re , to  a t o t a l l y  detached f ib r e  ta k in g  
no p a r t  i n  c a rry in g , t h e , shear lo a d , as shown in  F ig .5 0 ( d ) .
T o ta l f a i lu r e  th e n  re q u ire s  th e  shear f r a c tu r e  o f o n ly  the  
narrow  band o f m a tr ix  above B, so th a t  the  t o t a l  f a i lu r e  
s tre s s  becom es:- : . •
* (F2.k)YTmM, (215)
The curves g iv e n  by equ a tio ns  
(212) to  ( 215)> based on e q u a tio n  ( 132) w ith  s ta nd a rd  v a lu e s , 
a re  p lo t te d  in  F ig .51 •
For s im p l ic i t y ,  the  b e h a v io u r i l l u s t r a t e d  is  a g a in  th a t  
o f  the  square a r ra y .  ' ' r
S im i la r i t ie s  in  the  e xp ress ion s  
in v o lv e d  le a d  to  s im i la r i t i e s  in  the  cu rves f o r  tra n s v e rs e  
and shear lo a d in g ; th e  c u rv e n fo rrfg fa 'o a b o v e , f o r  example, 
i s  th e  same as the  curve f o r  in  P ig .49, and the  common 
cu rve  f o r  a n d d i f f e r s  from: the  n o n -sh rin ka g e  curve
f o r  ( j o n ly  because th e  fo rm e r is  based on a ’ s t r a ig h t  l in e *  
envelope f o r  i n i t i a l  f a i lu r e  s t re s s ,  w h ile  th e  l a t t e r  uses 
th e  s p e c if ic  square a r ra y  .cu rve . T h is  w i l l  tend  tp  make ■ 
th e  f a i lu r e  envelope f o r  a x ia l  shear p e s s im is t ic ;  the  envelope 
f o r  tra n s v e rs e  sh e a r, on th e  o th e r hand, c le a 2?ly re p re s e n ts  
an o v e r s im p l i f ic a t io n  o f th e  s i t u a t io n  and shou ld  be th e  
s u b je c t o f  more d e ta i le d  a n a ly s is .
Ibt/in2x103
TOTAL FAILURE \  
ENVELOPE: Transverse Shear"titt 
Axial Shear T ftt,
Transverse Shear: f
m atrix failure with totally unbonded fibre
Axial and Transverse Shear: 
I /  initial deboncjing
Axial Sh ear:
ma tr  ix failure w ith  
totally unbonded fibre
*8 1-0
Fig.51. THEORETICAL SHEAR STRENGTHS OF 
PARALLEL FIBRE SYSTEM, ( s q u a r e  a r ra y )
■ , ' . • ... 1 ° 8 
1 0 .3 *4 . O b lique  Load in g .
A n a ly s is  here w i l l  be c o n fin e d  to  
th e  o r ie n ta t io n  which p la ce s  the  p a r a l le l  f ib r e s  p a r a l le l  to  
a re fe re n c e  p lane  XY. The re le v e n t  system is  then  d e fin e d  
by F ig . 3 1 j paragraph 7*1*? and the  im p o s it io n  o f s tre s s  systems 
on t h is  geometry produces a x ia l  and tra n s v e rs e  in te r n a l  s tre s s e  
g iv e n , from  e q u a tio n  ( 135)? b y : -
(216)
dcy,86 2J ^ y y ' )  ~~^ yy')
« Y <£yy) ~ £  (<>xx-Zyy) <*1 2-9 -  Z*y s>* 19
~ d  zz
=• — x (<?XX~ ^yy)si'^ Z  ^ +• COS IP
* dxz <■*)&+ $yzS>«0
~ £*x 9 + M  0 )
C o n s id e rin g  f i r s t a t h e  case o f lo a d in g  
in  th e  X d i r e c t io n ,  and a llo w in g  fre e  d is t o r t io n  in  the  XY 
p lane  so th a t  a l l  a p p lie d  s tre s s e s  o th e r th a n  C? W. d is a p p e a r,J . a X
th e  va lu e s  o f xx: re q u ire d  to  produce v a r io u s  modes o f
f a i lu r e  a re , from (2 1 6 ) :
A
>2 ^at«.
(X * I + cos 10
a
fc, “ 1
1-  c«>*2.©
4.
2  U u
(217)
S«V>2.© J
S ince in  many p r a c t ic a l  cases fre e  
d is t o r t io n  i s  w h o lly  o r p a r t ly  p re ve n te d , i t  i s  in te r e s t in g  
to  co n s id e r the  e f f e c t  on th e o r e t ic a l  s tre n g th  o f p re v e n tin g  
shear in  the  XY p lane  due to  ( j  by a p p ly in g  a b a la n c in g  
shear
6 7  S?y*
3C3C (218)
The m o d ifie d  s tre s s e s  to  cause f a i lu r e  .then becom e:-
'  .  2 L
A
l ? / ^
' ** l-cosie -f-z^s^ze (219)
Strt 29 ■h Z^lcoiZO
■ ' 109 ■;
‘ E qua tions  (217) and (2191 are p lo t te d  i n i F ig . 52 1 o r  
v f  0 .4 ,  u s in g  o rth o g o n a l s tre n g th  va lu e s  from  P ig s .49 and 51 
and ta k in g  G and Q from  P ig .32.
- The n u m e rica l va lu e s  a sso c ia te d  w ith  P ig .52 are h e a v i ly  
dependent upon th e  s ta n d a rd  va lu e s  cliosen f o r  the  purpose o f 
i l l u s t r a t i o n ,  b u t the  g e n e ra l tre n d  o f a s teep  f a l l  in  s tre n g th , 
as th e  lo a d  a x is  d e v ia te s  from  the  f ib r e  a x is  may be take n  as 
common f o r  most, p r a c t ic a l  com pos ites . The source, o f weakness 
i s  in te r la m in a r  sh e a r; i f  f re e  d is t o r t io n  o f th e  system in  the  
xy  p lane  i s  p e rm it te d ,  shear f a i lu r e  dom inates when th e  
m isa lign m e n t exceeds about 2®, but the  onse t o f shear f a i l u r e  
may be de layed  ~ to  about 12° f o r  the  param eters used here  -  
by p re v e n tin g  xy  sh e a r.
As the  f ib r e  axes*approach .p e rp e n d ic u la r ity  w ith  th e  lo a d  
a x is  the  shear f a i lu r e  s tre s s  r is e s  a g a in , b u t th e re  i s  no 
co rre sp o n d in g  in c re a s e  in  s tre n g th  because t h is  is  now d ic ta te d  
by th e  low  tra n s v e rs e  t e n s i le  s tre n g th  o f  th e  system .
P ig .52 has been p lo t te d  f o r  v^ = 0 .4 ;  a t h ig h e r  f ib r e  j
c o n te n ts  the  g e n e ra l form  o f  th e  f a i lu r e  envelope would rem ain  
th e  same, b u t would be c h a ra c te r is e d  by an in c re a se  in  the  
s tre n g th  under a x ia l  lo a d in g  and a decrease under tra n s v e rs e  
lo a d in g .
I t  i s  seen th a t  when xy shear is  p re ve n te d , a -n e g a t iv e , 
i : e .  com pressive s t re s s ,  would have to  a p p lie d  in  th e  x  d i r e c t io  
to  cause f a i lu r e  under l a t e r a l  te n s io n  a t low  f ib r e  in c l in a t io n s  
t h is  i s  because under te n s i le  a p p lie d  s tre s s  the  necessa ry  
b a la n c in g  shear produces com pression ’ across th e  g r a in 1. |
When sh e a rin g  s tre s s  i s  a p p lie d  in  
th e  xy  p lane  in  th e  absence o f  o th e r s tre s s e s , th e  v a lu e s  o f j 
a p p lie d  s tre s s  <o to  produce the  th re e  s ta n da rd  modes o f .  
f a i lu r e  become, from  (2 1 6 ),
"  f a r —  1
A Jsin z e
k ‘ 7  = Y f a —  V (220)
A 2.9
Co 5 Z 6  J
These e xp re ss io n s  are p lo t te d ,  aga in  f o r  v ^  = 0 . 4 ,
in Pig.53*

Fig.53. THEORETICAL STRENGTH OF PARALLEL FIBRE 
SYSTEM UNDER SHEAR LOADING IN PLANES 
CONTAINING FIBRE AXES. v  n .4
R e fe r r in g  to  F ig . 55» a p p l ic a t io n  
o f  p o s i t iv e  C? i : e in  th e  d i r e c t io n  d e fin e d  by th e  s k e tc h ,
. ' * A • ***"€/ . . , ’ f. .
produces a com pressive tra n s v e rs e  s t re s s ;  s in ce  com pressive 
s tre n g th  has n o t ! been c o n s id e re d , th e  a n a ly s is  le a d in g  to  th e  
cu rves o f  F ig . 55 im p lie s  th a t  when 0 i s  c lo se  to  4 5 ° , so th a t  
th e re  is  no o rth o g o n a l shear on the  a r ra y ,  f a i lu r e  can o n ly  
occu r th ro u g h  te n s i le  f a i lu r e  a long  the  f ib r e  a x is ;  t h is  cannot 
re p re s e n t a r e a l  l i m i t ,  as l a t e r a l  com pressive f a i lu r e  would 
n o rm a lly  occur lo n g  b e fo re  a x ia l  te n s i le  s tre s s e s  o f  -  in  t h is  
case -  120 000 l b f / i n 2 c o u ld  be approached.
When is  n e g a tiv e , th e  la t e r a l  s tre s s  becomes te n s i le
and the  f a i lu r e  th re s h o ld  / is  g r e a t ly  reduced as shown by the  
c u rv e s . , ; .
, F a i lu re  enve lopes c o u ld  s im i la r ly  be c o n s tru c te d  f o r  
a p p lie d  shear in  th e  XZ and YZ p la n e s , u s in g  th e  la s t  two 
r e la t io n s h ip s  o f  e q u a tio n  (2 1 6 ). These cases w i l l  n o t be 
f u r t h e r  deve loped h e re , however, as th e y  are o f  le s s  p r a c t ic a l  
im portance  th a n  are the  systems a lre a d y  c o n s id e re d .
'1 0 .4 *  F a i lu re  o f P lane C ro sse d -F ib re  System s.
In  t h is  c o n te x t ,  a ’ p la n e 1 system 
i s  one in  w hich a l l  f ib r e  axes are ta ke n  to  l i e  p a r a l le l  to  
th e  same p la n e , though t h e i r  o r ie n ta t io n  w i th in  t h e i r  re s p e c t iv e  
p la n e s ’ may v a ry .
Two such systems w i l l  be c o n s id e re d :-
(a )  an o rth o g o n a l c ro s s e d -p ly  system , in  which 
id e n t ic a l  p a r a l l e l - f i b r e  la y e rs  have the  f ib r e  axes o f a lte rn a te  
la y e rs  a t r ig h t  ang les to  those  o f th e  in te rv e n in g  la y e r s ,  and
(b ) a ra n d o m -fib re  system , in  w hich the  f ib r e  
axes are random ly o r ie n ta te d  in  p a r a l le l  p la n e s .
System (a ) w i l l  be used to  in d ic a te  
sh rin ka g e  and lo a d in g  e f fe c ts  in  a r e la t i v e l y  s im p le  manner, 
le a d in g  to  a n a ly s is  f o r  the  more co m p lica te d  b e h a v io u r o f ( b ) .
1 0 .4 .1 .  O rthogona l C ro sse d -P ly  System under A x ia l
T e ns ion .
A x ia l te n s io n  in  t h is  system im p lie s  
u n ia x ia l  lo a d in g  p a r a l le l  to  one se t o f f ib r e  axes .and norm al 
to  the  o th e r  s e t ,  as in d ic a te d  in  F ig . 54.
I t  i s  f i r s t  necessary  to  e s tim a te  th e  i n i t i a l  in t e r n a l  
s tre s s e s  due to  s h r in k a g e .
Flg.54 ORTHOGONAL CROSSED PLY SYSTEM 
UNDER A X IAL TENSION.
For the  system shown, ta lc in g  the  a lte rn a te  la y e rs  to  be 
g e o m e tr ic a lly  id e n t ic a l ,  th e  a p p l ie d .s tre s s
•<0„" 2 A )  (221)
and i f  th e  la y e rs  are ta ke n  to  have been moulded to g e th e r  
a t some c u r in g  tem pera tu re  and th e n  co o led  to  room te m p e ra tu re , 
th e  a x ia l  s t r a in  r e la t i v e  to  c o n d it io n s  a t th e  cure te m pe ra tu re  
becom es:- 1
t a = Z i  + %  = 4  f  e«J (222)
where e. i s  th e  sh rinkage  s t r a in  norm al to  the  f ib r e
axes in  a p a r a l l e l - f ib r e  system 
and e__ i s  the  sh rin kag e  s t r a in  p a r a l le l  to  th e  f ib r e
o -S
axes in  a p a r a l l e l - f ib r e  system .
From (221) and (2 2 2 ) , the  i n i t i a l  s tre s s e s  due to  
sh rin kag e  a lone ( (£ ^  ** 0 ) are g ive n  b y : -
s ■ ^as ~ e fcs £fci £<\s (2 2 3 )
+  + X  ’ +
I f  s tre s s  C> ^  i s  now a p p lie d  to  the  system a t room 
te m p e ra tu re , th e  component s tre s s e s  becom e:-
4  * d ,  +  — —  )
I +  fe \ (224)
■ . ©  • -  ; . v  ' - © " '  0  .+ I  ‘ V* 1 1 4
I t .  may be assumed th a t  c o n d it io n s  a t  th e  in te r fa c e  o f 
th e  f ib r e s  ru n n in g  across th e  lo a d  a x is  w i l l  be a p p ro x im a te ly  
th e  same as in  a p a r a l l e l - f i b r e  system s u b je c te d  to  th e  la t e r a l  
s tre s s  d> ^ g ive n  by (2 2 4 ); so th a t  i n i t i a l  f a i lu r e  w i l l  
occu r when & ^ reaches i : e .  w hen :-
(fy - (d u ~  ^  y  (225)
Subsequently in c i*e a s in g  lo a d  w i l l  le a d  to  p ro g re s s iv e  
c ra c k in g  o f the  m a tr ix  u n t i l  o n ly  th e  f ib r e s  p a r a l le l  to  th e  
load, a x is ,  co m p ris in g  h a l f  th e  f ib r e  c o n te n t,  are c a r r y in g ­
lo a d ; th e  lo a d  f o r  f i n a l  f a i lu r e  is  then  g ive n  b y : -
= J fR fu . (226)
The envelopes re p re se n te d  by (225) 
and (226) are p lo t te d  in  F ig . 55 Tor b o th  th e  sh rin kag e  and 
n o n -sh rin ka g e  cases. The fo rm e r case is  i l l u s t r a t e d  f o r  
a tem pera tu re  f a l l  th ro u g h  120°G.
• ... I t  i s  seen from  F ig . 55 th a t  the  e f fe c t  o f sh rin ka g e  on 
s tre n g th  i s  c o n s id e ra b le ; f o r  th e  f ig u re s  used, the  o v e r a l l  
s tre n g th  a t ,  say, v ^  = 0 .3  i s  reduced by about a t h i r d .
A t va lu e s  below  0.3? i n i t i a l  f a i lu r e  o f  th e  m a tr ix  i s  
fo llo w e d  im m e d ia te ly  by t o t a l  f a i l u r e ,  as th e re  i s  in s u f f i c ie n t  
f ib r e  a lig n e d  a long  th e  lo a d  a x is  to  accep t th e  a p p lie d  lo a d  
in  the  absence o f  s u p p o rtin g  m a tr ix .  A t v^  va lu e s  above 0.3? 
i n i t i a l  m a tr ix  f a i lu r e  occurs a t v e ry  low  a p p lie d  s tre s s  v a lu e s , 
b u t t o t a l  f a i lu r e  does n o t th e n  occur u n t i l  a much h ig h e r  
a p p lie d  s tre s s  i s  reached , ca us ing  f a i lu r e  o f the  a lig n e d  ■;
f ib r e s  in  te n s io n . A t v ~  « 0 .8 ,  f o r  exam ple, m a tr ix  f a i lu r e
• ? in - th e  sh rinkage  case occurs s t  a a l i t t l e  ove r 3 000 l b f / i n  ,
b u t the  re m a in in g  f ib r e  i s  capable  o f s u s ta in in g  th e  whole
o f  the  a p p lie d  s tre s s  u n t i l  t h is  reaches , in  th e o ry , about
4? 000 l b f / i n 2 .
1 0 .4 .2 . O rthogona l C ro ssed-P ly  System under Shear
L o ad in g .
O nly the  case o f '‘‘shear in . p lanes 
p a r a l le l  to  th e  la y e rs  them selves w i l l  be co n s id e re d  h e re .
I f  in te r fe re n c e  e f fe c ts  between a d ja c e n t la y e rs 1 are 
ta ke n  to  be s m a ll,  the  case o f o r th o g o n a l, shear i s  a lre a d y  
covered by th e  envelope f o r  X atu  :^n
CROSSED PLY SYSTEM UNDER AX IAL TENSION.
The case o f o b liq u e  shear can be d e r iv e d  from  P ig .53? 
b u t the  r e la t io n s h ip  here i s  le s s  s t ra ig h t fo rw a rd ,  w ith  h a l f  
th e  f ib r e s  at. r ig h t  ang les to  th e  re m a in d e r, the  a p p lie d  
shearing , s tre s s  w i l l  be p o s it iv e  f o r  one h a l f  and n e g a tiv e
f o r  th  o th e r ;  so th a t  tra n s v e rs e  te n s i le  f a i lu r e  w i l l  occur 
a t low  s tre s s  in  h a l f  the  f ib r e s ,  le a v in g  -the o th e rs  in  
te n s io n .  T h is  le a ds  to  the  m o d ifie d  f a i l u f e  envelope in d ic a te d  
in  F ig .-56. i
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Fig, 56 . THEORETICAL STRENGTH OF O RTHO G O NAL 
CROSSED PLY SYSTEM UNDER SH EAR  
L OADING, vj • 0-4.
1 0 .4 .3 *  P lane Pandom -Fibre System under T e n s ile  
Load ing  in  F ib re  P lan e .
I n  o rd e r to  a r r iv e  a t any s im p le  
mechanism f o r  f a i l u r e  o f a ra n d o m -fib re  la m in a te , i t  i s  
necessa ry  to  make c e r ta in  broad assum ptions re g a rd in g  th e  
i n i t i a t i o n  and developm ent o f f r a c tu r e .
T ak ing  th e  ra n d o m -fib re  system as a s u p e rp o s it io n  o f 
p a r a l l e l - f i b r e  systems o f c o n t in u o u s ly -v a ry in g  o r ie n ta t io n ,
P ig . 52 suggests th a t  f a i lu r e  w i l l  b e g in  as m a tr ix  f r a c t u r e , 
e i t h e r  in  shear* o r  in  la t e r a l  te n s io n ,  among the  f ib r e s  
in c l in e d  a t more th a n  .about 40° to  the  lo a d  a x is ;  the  ’ n o -s h e a r1 
cu rve  is  e v id e n t ly  th e  re le v a n t  one f o r  th e  t r u l y  random
pr'
arrangem ent. I f ,  -com bin ing x!ni w ith  P ig . 52, th eEcu
s t r a in s  to  f r a c tu r e  f o r  v a r io u s  va lu e s  o f 0 are exam ined, i t  
i s  found th a t  th e  minimum s t r a in  to  f r a c tu r e  occurs a t 
0 = 45°? on th e  p a r t  o f  the  envelope co rre sp o n d in g  to  shear 
f a i l u r e ;  so th a t  i f  th e  form  o f the  envelope . is  ta k e n . to  v a ry  
n o t to o  w id e ly  w ith  f ib r e  c o n te n t,  i t  may be p o s tu la te d  th a t  
f o r  th e  f ig u re s  on which th e  cmrves are based, i n i t i a l  f a i lu r e  
ta ke s  the  fo rm  o f shear f a i lu r e  o f the  m a tr ix  a d ja ce n t to  
f ib r e s  in c l in e d  a t 45° to  th e  lo a d  a x is .  ;/
■ ■ • • - > ; 1 1 7  ;
Then, n o t in g  th a t  a t  45° the  shear and no -shea r
■ ■ * .  • j
enve lopes in  F ig . 52 are c lo s e  to g e th e r ,,  i t  may be shown from  
e q u a tio n s  ( 155) (168) and ( 217 ) th a t  th e  a p p lie d  s tre s s
rd >  ^ to  cause i n i t i a l  f a i l u r e  i s : -
“ l A i .  & . ( ! - Z v u * £* +§&.) (227)
A  Be*, Git*
In c re a s in g  s t r a in  a f t e r  t h i s . i n i t i a l  
f a i l u r e  w i l l  cause m a tr ix  and bond f a i lu r e  to  spread to  f ib r e s  
in c l in e d  a t ang les on e i th e r  s id e  o f  45° u n t i l ,  in  th e  most 
p e s s im is t ic  case , th e  r e s id u a l lo a d  i s  ta ke n  e n t i r e ly  by. 
te n s io n  in  f ib r e s  w i th in  th e  approx im ate  ra n g e , from  F ig . 52,
0 = 0 to  © = 1 2 °. To s im p l i f y  the  system s t i l l  fu r th e r . ,  w h ile  
m aking some a llo w a n c e .fo r .  r e s id u a l s tre n g th  in  the  co n n e c tin g  
f ib r e s  and m a tr ix ,  l e t  i t  be assumed th a t  u lt im a te  f a i lu r e  
may be based on te n s i le  f r a c tu r e  o f one s ix th  o f  the  t o t a l  
f ib r e  c o n te n t,  a lig n e d  w ith  th e  lo a d  a x is ;  so th a t  the  
a p p lie d  s tre s s  to  cause u lt im a te  f a i lu r e  when the  m a tr ix ,h a s  
been d e s tro ye d  becom es:-
4  -  (228 )
The cu rves g iv e n  by (227) and (228)
are p lo t te d  in  .F ig . 57 •
So many assum ptions and a p p ro x im a tio n s  
have been in c o rp o ra te d  in  th e  a n a ly s is  le a d in g  up to  t h is  
s tage  th a t  i t  would be unw ise to  a tte m p t any d e ta i le d  d e d u c tio n s  
from  F ig . 57; th e re  appears to  be an in d ic a t io n ,  however, th a t  
no advantage is  to  be ga ined  by in c o rp o ra t in g  le s s  th a n  
a c e r ta in  minimum p ro p o r t io n  o f  f i b r e -  in  t h is  case, about 
2C$ -c , s ince  th e  lo s s  in  shear and tra n s v e rs e  s tre n g th  when 
s m a ll volumes o f  f ib r e  are in tro d u c e d  te n d  to  n e u t ra l is e  the  
r e in fo r c in g  e f f e c t  o f  th e  a x ia l  components o f  f ib r e  lo a d .
1 0 .4 .4#  P lane Handom~Fibre System under Shear lo a d in g  
i n  F ib re  P lan e .
T ak ing  the  shear s t r a in ,  a t i n i t i a l  
f a i lu r e  to  be X'^U/ ^  f o r  o b liq u e  lo a d in g  o f  a p lane  
p a r a l l e l - f i b r e  sys te m ,x^  e v a lu a t io n  o f  t h is  s t r a in  u s in g /v a lu e s  
from  F ig s .55 and 52 in d ic a te s  th a t  f o r  the  va lu e s  used in  these  
i l l u s t r a t i o n s  th e  i n i t i a l  f a i lu r e  would be in  la t e r a l  te n s io n  
across  f i b r e s ’ a t 45° to  th e  axes o f a p p lie d  sh e a r. The a p p lie d  
s tre s s  re q u ire d  to  cause t h is  i n i t i a l  f a i lu r e  is  then  
a p p ro x im a te ly :-
148
F ig .57 THEORETICAL STRENGTH OF PLANE
RANDOM FIBRE SYSTEM UNDER TENSILE 
LOADING.
rCY »  ( 229)
In c re a se  o f a p p lie d  sh e a rin g  s tre s s  
beyond th is  i n i t i a l  f a i lu r e  va lu e  may be expected to  cause 
p ro g re s s iv e  breakdown o f  th e  m a tr ix  u n t i l  the  lo a d  i s  c a r r ie d ' 
by d ia g o n a l te n s io n  in  a s m a ll number o f f ib r e s  a t ang les c lo se  
to  4 5 °; a cco rd in g  to  F ig .  55 th e  band w id th  a t v^  = 0 .4  would 
o n ly  be about 2 ° , and i f  th e  average sp re a d .o ve r the  w o rk in g  
V£ range is  taken  to  in c lu d e ,  say, one f o r t i e t h  o f the  t o t a l  
f ib r e  c o n te n t , a th e o r e t ic a l  te n s i le  f a i lu r e  va lu e  i s  g iv e n  
b y : -
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E qua tions  (229) and (230) are p lo t te d  in  F ig . 58. They 
are in h e re n t ly  a p p ro x im a te , and no a tte m p t has been made to  
a p p ly  th e  sm a ll c o r re c t io n  a r is in g  from  th e  d i r e c t  s tre s s e s  
w hich w i l l  be genera ted  by the  c o n d it io n  f o r  co m pa tib le  
d is to r t io n s  o f f ib r e  groups a t d i f f e r e n t  o r ie n ta t io n s .  .
10*5* S tre n g th  o f Random F ib re  S o l id .  •"
In  v iew  o f the  in c re a s in g ly  
approx im ate  n a tu re  o f th e  a n a ly s is  which has been deve loped 
f o r  p ro g re s s iv e ly  more complex systems in  t h is  s e c t io n ,  i t  
would be unwise to  p o s tu la te  a d e f in i t e  f a i lu r e  mechanism f o r  
th e  p a r t i c u la r ly  d i f f i c u l t  case o f the  random f ib r e  s o l id ,  
p a r t ic u la r ly  as th e  o n ly  p r a c t ic a l  cases o f such a s o l id  are 
re p re s e n te d ,b y  dough m ould ing  compounds in c o rp o ra t in g  s h o r t  
f ib r e s  n o t exceeding about 15$ o f the  t o t a l  volum e.
I n  g e n e ra l te rm s , however, i t  m igh t be expected th a t  
a x ia l  lo a d in g  would fo l lo w  th e  same s o r t  o f  t re n d ;a s  in  a 
ra n d o m -fib re  la m in a te , w ith  i n i t i a l  f a i lu r e  ta k in g  p la ce  
i n  shear and la t e r a l  te n s io n  in  f ib r e  groups a t 45° and 90° 
r e s p e c t iv e ly ;  th e  lo w / f ib r e  c o n te n t o f dough m ould ings Would 
p ro b a b ly  cause t h is  typ e  o f f a i lu r e  to  le a d  im m e d ia te ly  to  
t o t a l  c o lla p s e . For the  same f ib r e  volume c o n te n t,  th e  s tre n g th  
o f  a s o l id  would be expected to  be g re a te r  th a n  th a t  o f  a 
la m in a te  loaded in  i t s  p la n e , due to  the  h ig h e r  p ro p o r t io n  
o f  vu lne ra fe 'ly  o r ie n ta te d  f ib r e s  in  th e  fo rm e r system .
Shear f a i lu r e  c o u ld  a ls o  be regarded as an e x te n s io n  o f 
la m in a te  phenomena, b u t th e  mechanism here i s  no t s t r a ig h t !o r w a r  
f o r  e i th e r  type  o f system and cannot be d is cu sse d d w ith  any 
c o n fid e n c e .
11 • P a rt I  Summary:-.Mechanics o f a F ib re -M a tr ix  System.;.
The fo re g o in g  s e c tio n s  have co n s id e re d  
th e  mechanics o f id e a lis e d  s ta n d a rd  system s: on an a p p ro x im a te ly  
q u a n t i ta t iv e  b a s is  in  o rd e r to  assess th e  r e la t iv e  e f fe c ts  o f 
s e le c te d  param eters upon the  o v e ra l l  p ro p e r t ie s  o f th e  system .
In  t h is  s e c t io n ,  the  more s ig n i f ic a n t  r e s u l ts  o f 
p re ce d in g  a n a ly s is  are c o l le c te d  f o r  purposes o f com parison , 
w o rk ing  now under the  headings o f p ro p e r t ie s  r a th e r  th a n , as 
p re v io u s ly ,  o f  system g e o m e tr ie s . An e x c e p tio n  is  the  case o f 
o b liq u e  lo a d in g  o f a p a r a l l e l - f i b r e  system , the  r e s u l ts  f o r  
which cannot be c o n v e n ie n tly  p lo t te d  on the  f ib r e  volume base 
used f o r  o th e r  com parisons.
1 1 .1 . Modulus o f E la s t i c i t y .
The v a r io u s  cu rves which have been 
deve loped f o r  modulus o f e l a s t i c i t y  in  lo n g - f ib r e  systems
Curve 1 g iv e s  th e  a x ia l  modulus E f o r  a system o f lo n g  
p a r a l le l  f ib r e s ,  expressed by e q u a tio n  (14) in  s e c t io n  3*2 • I t  
was shown in  t h is  s e c t io n  th a t  the, sm a ll n o n - l in e a r i t y  a r is in g  
from  d i f f e r e n t i a l  Po isson  e f fe c t  in  f ib r e  and m a tr ix  (e q u a tio n  
( 7 ) )  i s  n e g l ig ib le  in  any p r a c t ic a l  case.
A g re a te r  d e v ia t io n  a r is e s  from  the  use o f  's h o r t '  f ib r e s ,  
as in d ic a te d  in  s e c tio n ' 9*1* and in  -F ig .44, where a p p re c ia b le  
lo ss e s  ;in  modulus are seen to  a r is e ,  p a r t ic u la r ly  a t lo w e r f ib r e  
c o n te n ts , from  th e  use o f in te r ru p te d  re in fo rc e m e n t. T h is  lo s s  
would r a r e ly  be observed in  a r e a l p a r a l l e l - f ib r e  system , which 
would g e n e ra lly  use co n tin u o u s  f ib r e ;  i t  c o u ld , however,, le a d  • 
to  a re d u c t io n  in  the  o v e r a l l  modulus o f chopped s tra n d  mat and 
dough m ould ing  systems due to  weakening o f th e  th e o r e t ic a l  
c o n t r ib u t io n  to  s t i f f n e s s  from  s tra n d s  a lig n e d  w ith  the  lo a d  
a x is .
Curve 2 shows the  la t e r a l  modulus , f o r  which a n a ly s is  
in  s e c t io n  4 , in v e s t ig a t in g  the  e f fe c ts  o f  a number, o f  
pa ram e te rs , le ad s  to  a com posite  e xp re ss io n  f o r  a 'm ix e d ' a r r ,ay 
g iv e n  by e q u a tio n  (1 2 0 ). T h is  curve  is  c lo s e  to  th a t  f o r  
a ra n d o m -fib re  mat system loaded  n o rm a lly  to  the  p lane  o f 
la m in a t io n ,  r En ; t h is  i s  g iv e n  by equa tio ns  (168) and (1 6 9 ), 
th e  l a t t e r  showing a s m a ll feedback from  a x ia l  s t i f f n e s s  due to  
d i f f e r e n t i a l  P o isson  e f fe c ts .
The e f fe c t  o f f ib r e  le n g th  on f o r  in te r ru p te d  p a r a l le l  
f ib r e s  i s  b r i e f l y  examined in  s e c t io n  9 * 2 . ,  where a rough 
a n a ly s is  suggests th a t  t h is  e f fe c t  may be n e g le c te d  f o r  most 
p r a c t ic a l  pu rposes. ( F ig .46)
Curve 3 i s  the  modulus o f e la s t i c i t y  f o r  a random f ib r e
la m in a te  loaded in  the  la m in a tio n  p la n e , E_; the  re le v a n t’ r  p
a n a ly s is  is  g iv e n  in  s e c t io n  7*5*? le a d in g  to  e q u a tio ns  (168) 
and (1 6 9 )• T h is ,  as would be expected, l i e s  between curves 
1 and 2 . A n a ly s is  i s  based upon o rth o g o n a l va lu e s  f o r  p a r a l l e l -  
f ib r e  system s, and hence in c o rp o ra te s  an accum u la tio n  o f  e r ro rs  
from  c o n s t itu e n t  segments o f  d e r iv a t io n .
Curve 4 r e fe r s  to  Er g , the  modulus f o r  u n ia x ia l  lo a d in g  
o f  a ra n d o m -fib re  s o l id .  I t  i s  based upon lo n g - f ib r e  a n a ly s is ,  
( s e c t io n  7 * 4 . ,  e q u a tio n  175? F ig . 3 6 ), and has th e re fo re  l i t t l e  
p r a c t ic a l  re le v a n c e , s in ce  th e  o n ly  i/a n d o m -fib re  s o lid s  in
g e n e ra l use
. 122- j
are  dough, m ou ld ing  compounds in c o rp o ra t in g  sm a ll volumes 
o f  s h o rt f ib r e s .  . .. .• ..;v  •
I t  i s  seen th a t  the  curve  u s in g  the  h y p o th e t ic a l lo n g -  
f ib r e  s t ru c tu re  l i e s  below the  curve f o r  in -p la n e  lo a d in g  o f 
a ra n d o m -fib re  la m in a te , as th e  l a t t e r  w ou ld , a t a g iv e n  f ib r e  
c o n te n t,  have a h ig h e r  p ro p o r t io n  o f f ib r e s  in  approxim ate  
a lign m en t w ith  th e  lo a d "a x is .
11 .2 .- Modulus o f  H ig id i t y .
A  The behaviour1 o f f ib r e  a rra y s  in  
shear is  le s s  amenable to  id e a l is a t io n  f o r  purposes o f 
approx im ate  a n a ly s is  th a n  i s  th a t  o f u n ia x ia l ly  loaded systems 
and i s  a t th e  same tim e  o f r a th e r  le s s  d i r e c t  p r a c t ic a l  
in te re s t . ;  so th a t  the  tre a tm e n t o f  t h is . t o p ic  in  the  p re ce d in g  
s e c tio n s  has been r e la t i v e l y  approxim ate and s u p e r f i c ia l» The 
c.ux*ves which have been o b ta in e d  are com pareddin F ig . 60+ .
• • ■ ■ ■ ’■ ; ■■■ 124 "■
Curve 1 r e fe r s  t:o the  a n a ly s is  o f s e c tio n s  5 and 6 , 
w hich in d ic a te  th a t  f o r  the  s im p le  mechanism assumed in  these 
s e c tio n s  the  modulus o f r i g i d i t y  f o r  o rth o g o n a l shear o f. a 
p a r a l l e l - f i b r e  m ixed a r ra y  i s  th e  same when shear is  a p p lie d  
in  a p lane  c o n ta in in g  f ib r e  axes ( f a . ,  e q u a tio n  (.13 1 ) ) -as when 
shear i s  a p p lie d  in  a p lane  norm al to  the  f ib r e  axes ( fa ^ )  *.
E qua tions  (168) and (169) f o r  the  random f ib r e  la m in a te  
in d ic a te  th a t  f o r  shear in  p lanes norm al to  the  la m in a tio n  
p lanes  the  modulus J fa p  i s  the  average o f and G .^. ,^ and w i l l  
th e re fo re  a lsoe  be g ive n  by Ourve 1 i f  these  two m odu li are 
th e  same. . , • • ■ r
Curve 2 i s  r fap» .the ' modulus f o r  shear a p p lie d  in  the  
la m in a tio n  p lanes  o f  th e  random f ib r e  la m in a te . O b lique lo a d in g  
a n a ly s is  shows th a t  the  modulus o f r i g i d i t y  reaches a peak va lu e  
when the  f ib r e s  are in c l in e d  a t 45° to  the  lo a d in g  axes, so th a t  
th e  presence o f  such d ia g o n a l f ib r e s  in  th e  random f ib r e  system 
ra is e s  i t s  modulus above t h e ' fa ^  v a lu e .
Curve 3 i s  the  s in g le  modulus va lue  f o r  the random f ib r e  
s o l id ,  G .  T h is  aga in  i s  a somewhat u n re a lis t ic ^ d e v e lo p m e n t o f 
lo n g  f ib r e  th e o ry ,  and the  t ru e  va lue  f o r  a dough m ould ing  
compound o f co rre sp o n d in g  f ib r e  c o n te n t would p ro b a b ly  be 
lo w e r by a c o n s id e ra b le  amount.
11 .3 .P o is s o n 's  H a t io .
C ons ide rab le  a t te n t io n -h a s  been 
g ive n  in  the  e a r l ie r  p a r t  o f t h is  t e x t  to  the  e s t im a tio n  o f 
P o is so n 1s r a t i o ,  le s s  because o f  the  i n t r i n s i c  im portance  o f 
th e  co n s ta n t than  because i t s  va lue  i s  more s e n s it iv e  to  
a p p ro x im a tio n s  in  the  a n a ly s is  than  a re , f o r  example, the  
s t i f f n e s s  m o d u li. T h is  s e n s i t i v i t y  is  i l l u s t r a t e d  by i t s  
re a c t io n  to  the  typ e  o f a r ra y  p o s tu la te d , as shown in  F ig s .7 
and 27 • ••.;
As in  a l l  th e  a n a ly s is  in  t h is  tre a tm e n t,  the  o b je c t iv e  
has been to  o b ta in  w o rk ing  fo rm u lae  f o r  P o is s o n 's  r a t i o  in  
'm ixed  a r ra y ' systems o f p a r a l le l  f ib r e s ,  and to  use these  
o r s im i la r  va lu e s  in  g e n e ra lis e d  fo rm u lae  f o r  combined system s.
C o lle c te d  cu rves  re p re s e n tin g  these  e xp re ss io n s  are 
in d ic a te d  in  F ig . 61.
Vf
Fig. 61. POISSON'S RATIOS.
Curve 1 g iv e s  , r e la t in g  tra n s v e rs e  to  a x ia l  s t r a inU d
under a x ia l  lo a d in g . The curve  in d ic a te s  the  form  o f  e q u a tio n  
(4 3 ) ,  which has been deve loped from  e x te n s iv e  a n a ly s is  based 
upon a v a r ie ty  o f p o s tu la te d  a rra ys  and d e fo rm a tio n  mechanisms 
The f i n a l  r e la t io n s h ip  i s ,  as co u ld  be, expected , a lm ost l in e a r
Curve 2 shows and r e fe r s  to  th e  two tra n s v e rs e
s t ra in s  in  a mixed a rra y  under la t e r a l  lo a d in g . I t  i s  an 
average curve d e r iv e d  from  th e  group o f  cu rves p lo t te d  in  
F ig . 27* arid i s  g ive n  by the  approxim ate  e q u a tio n  (1 2 4 ) . The 
curve  is  seen to  r is e  w ith  in c re a s in g  v ^ ,  and may e x c e e d 0 .5 ; 
a c o n d it io n  p e rm is s ib le  o n ly  in  a n is o tro p ic  system s.
Curve 3 i s  th e  r a t i o  o f a x ia l  to  tra n s v e rs e  s t r a in
under tra n s v e rs e  lo a d in g . T h is  aga in  i s  d e r iv e d  from  a group 
o f curves deve loped under d i f f e r e n t  assum ptions, as summarised 
in  s e c tio n  4 .7«3* and shown in  F ig .26. The re le v a n t e q u a tio n s  
are (122) and (1 2 3 ) , o f fe r in g  d i f f e r e n t  approaches a cco rd in g  
to  the  in fo rm a t io n  i n i t i a l l y  a v a ila b le .
I t  is  seen from  Curve 3 th a t  1 4 ^  f a l l s  v e ry  s h a rp ly  ‘ 
a t f i r s t  w ith  in c re a s in g  v*., due to  th e  h ig h  a x ia l  s t i f f n e s s
conveyed by th e  f i b r e ;  b u t r is e s  aga in  a t h ig h  f ib r e  c o n te n ts , 
when th e  tra n s v e rs e  lo a d  p a th  deve lops a predominance o f  f  ib r e  »
Curve 4 r e fe r s  to  a ra n d o m -fib re  la m in a te , in  which
, ir' ir
i s  th e  r a t i o  o f t r th o g o n a l s t r a in s  measured in  the  la m in a tio n  
p lane  under u n ia x ia l  lo a d in g  in  the  same p la n e . The cu rve  i s  
seen to  be o f  th e  same g e n e ra l form  as Curve 3? moderated by 
th e  e f fe c ts  o f d ia g o n a l f ib r e s .  I t  i s  g iv e n  by e q u a tio ns  (168) 
and (1 6 9 ), and p lo t te d  in  F ig . 34*
Curve 5 , r * ^ np? a p p lie s  aga in  to  th e  random f ib r e  la m in a te  
and f a l l s ,  as expected , between th e  cu rves f o r  and •
Fo r the  t y p ic a l  va lu e s  used in  p rece d ing  i l l u s t r a t i v e  a n a ly s is ,  
i t  does n o t d e v ia te  g r e a t ly  from  the  c o n s ta n t va lu e  b u t
i t  would be d i f f i c u l t  to  j u s t i f y  a' g e n e ra l' e x te n s io n  o f t h is  
o b s e rv a tio n . I t  i s  aga in  g ive n  by e q u a tio n s  (1 6 8 ), (1 6 9 ) , F ig . 34
Curve 6 i s  th e  t h i r d  r a t i o ,  r ’^ p n , To*4 th e  la m in a te , and
measures in -p la n e  s t r a in  due to  lo a d in g  norm al to  the  p la n e .
T h is  must aga in  f a l l  between V  . and 19, . , b u t i s  below  poa oc r  np
due to  the  in v e rs io n  o f th e  s t i f f n e s s  r a t i o  f o r  the  p lane  
and norm al d i r e c t io n s .  The curve  i s ,  as b e fo re , d e r iv e d  from  
e q u a tio n s  (168) and (169) and. F ig . 34.
Curve 7 o f fe r s  the  s in g le  va lue  V  f o r  the  h y p o th e t ic a l 
ra n d o m -fib re  s o l id  u s in g  lo n g -s tra n d  re in fo rc e m e n t. The curve  
i s  c le a r ly  o f th e  same fa m ily  as 4 and 3 , b u t i s  in h ib i t e d  by 
in c re a se d  s t i f f n e s s  norm al to  any p lane  in  w hich o rth o g o n a l 
s t r a in s  are measured. I t  i s  d i f f i c u l t  to  e s tim a te  the  degree 
o r form  o f m o d if ic a t io n  to  t h is  curve  a r is in g  from  the  use 
o f s h o rt f ib r e s ,  o th e r  than  to  suggest th a t  th e  in c re a se d  
m a tf ix  in f lu e n c e  in  such a case would be expected to  ra is e  
“V  tow ards V  * R eference to  F ig . 36, based on e q u a tio n  (1 7 4 ),X. Q III
in d ic a te s  th a t  any such change co u ld  o n ly  be s m a ll.
11.4. Shrinkage Stresses.
Although the treatment in this 
part of the thesis has been of a general nature, the associated 
investigations are ultimately directed towards the field of 
hot compression moulding, in which the fall in temperature on 
extraction from the press will usually exceed 100°6. Considerable 
attention has therefore been paid to the assessment of shrinkage 
effects in section 8, leading to the 'unit cylinder1 and 
'compatibility' stresses for which curves are plotted in Figs.
38 and 41 respectively. Summary curves are sketched in Fig.62.
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Fig. 62. SHRINKAGE STRESSES.
As an indication of magnitude, might m
a typical case reach a stress of the order of 3 000 to 
24 000 lbf/in; according to the theory on which the 
above curves are based.
Curve 1 shows (j , the tensile axial stress in the matrix,
m a ’  7
based on the shrinkage theory for the unit cylindrical model in 
section 8.1., which leads to equation (185) and Fig.38.
Curve 2, based upon equation (184) of the same section, is 
the corresponding axial compressive stress in the fibre,
It is seen from this curve and from Fig.38 that <o
fa*
becomes^  v f a
large at low fibre contents, suggesting that fibre buckling 
could take place.
Curve 3 in d ic a te s  the  ta n g e n t ia l s tre s s  in  th e  m a tr ix ,  
a t the  in te r fa c e ,  which is  te n s i le  and may reach s u f f i c i e n t l y  j 
h ig h  va lu es  to> m a te r ia l ly  a f fe c t  the  s tre n g th  o f th e  p a r a l le l  
a r ra y  under la t e r a l  lo a d in g .  T h is  curve corresponds to  the  curve j 
f o r  (p 2 i n F ig . 38, g ive n  by e q u a tio n  (183) in  s e c tio n  8 .1 .
Curve 4 i s  the  co rre sp o n d in g  in te r fa c e  ta n g e n t ia l s tre s s  
i n  th e  f i b r e , d  , be in g  the  q u a n t ity  d ^  in  F ig .38 and 
e q u a tio n  (1 8 2 ).
Curves 5 and 6 are com plem entary, re p re s e n tin g  maximum
and minimum va lu e s  o f the  r a d ia l  in te r fa c e  s tre s s  d  . ; t h isi r 7
s tre s s  v a r ie s  a long  the  in te r fa c e  due to  the  e f fe c t  o f 
c o m p a t ib i l i t y  s t r e s s e s a n a ly s e d  in  s e c t io n  8 .2 .- Curve 5 
i s  the  sum o f <fa ( F ig .38). and the  c o m p a t ib i l i t y  s tre s s  
d  o r d  ( F ig . 41) o r a s im i la r  s tre s s  depending on a rra y  
geom etry, and Curve 6 is  the  sum o f d ^  and, aga in  from  F ig .41, 
d  s 2  9r  d  o r s im i la r  . The s im p le  a n a ly s is  used f o r  
c o m p a t ib i l i t y  assumes th a t  the  q u a n t i t ie s  g ive n  by Curves 
1 to  4 are u n a ffe c te d ; b h is t is .  open to  argum ent, b u t may be 
ju s t i f i e d  by th e  r e la t i v e l y  sm a ll m agnitudes o f the  c o m p a t ib i l i t ;  
components.
11 .5* I n te r n a l  S tre ss  D is t r ib u t io n .
Approxim ate exp ress ion s  have been 
developed fo r. in te r n a l  s tre s s  d is t r ib u t io n s  in  p a r a l l e l - f ib r e  
systems under o rth o g o n a l d i r e c t  and shear lo a d in g ; the  g e n e ra l 
form s o f these d is t r ib u t io n s  are summarised in  F ig .63.
Case A re p re s e n ts  a x ia l  te n s io n , w hich i s  assumed to  
produce m a tr ix  and f ib r e  s tre s s e s , d  m- and <faa » u n ifo rm ly  
d is t r ib u te d  over the  re s p e c tiv e  c ross  s e c t io n s .  In  the  absence 
o f sh rinkage  the  r a t i o  o f the  two s tre s s e s  i s  m, the  m odular 
r a t i o ;  b u t sh rin kag e  produces i n i t i a l  te n s io n  and com pression 
in  rB a tr ix  and f ib r e  r e s p e c t iv e ly ,  m o d ify in g  th e  s tre s s  va lu e s  as 
shown.
Case B in d ic a te s  la t e r a l  te n s io n , which i s  t re a te d  in  
d e t a i l  in  s e c t io n  4 . In  th e  absence o f sh rinkage  the  peak 
s tre s s  w i l l  occur in  th e  d ia m e tra l p lane  c o n ta in in g ' f ib r e  and 
lo a d  axes, ha v ing  th e  va lue  d ^  in  F ig .63. S h rin ka g e , however, 
ra is e s  d  2 and reduces f a  so th a t  the  fo rm e r may* exceed the  
l a t t e r ,  as e x p la in e d  in  s e c t io n  1 0 .3 *2 * and F ig .48.
' - . ' ' : • : . . 128;
Cases 0 and D re p re s e n t the  o rth o g o n a l shear cases 
w h ich  were a p p ro x im a te ly  analysed, in  s e c t io n s  5 .ana 6 . The . 
sh e a rin g  s tre s s  d is t r ib u t io n s  ta ke  ro u g h ly  th e  same form s 
as th a t  f o r  l a t e r a l  s tre s s  in  th e  absence o f s h r in k a g e , th e  
peak s tre s s  (p  ^ in  F ig .63 now becoming th e  a p p ro p r ia te  
sh e a rin g  s tre s s  f o r  th e  case co n s id e re d .
The v a r ia t io n  w ith  f ib r e  c o n te n t : o f  th e  peak stresses-: 
induced , by o rth o g o n a l lo a d in g  o f p a r a l le l  f ib r e  systems: 3
i s  summarised in  F ig . 64, which assumes a 'm ixed a r ra y ' system 
w ith  an a p p ro p r ia te  a llow ance  f o r  sh rinkage  where t h is  is  
a p p lic a b le .
The cu rves re p re s e n t a f a i r l y 'h i g h  le v e l  o f a p p lie d  s t re s s ,  
and the  broken l in e s  show th e  e f fe c t  o f a t y p ic a l  c o o lin g  from  
cure  to  room te m p e ra tu re .
Curve 1 i s  f o r  Cd f  in  Case A o f F ig . 63, w ith  no sh rin ka g e  
a llo w a n ce . I t  i s  based on e q u a tio n  (39) and F ig .6 in  s e c t io n
3 .4 .
Curve 2 shows th e  e f fe c t  o f  add ing to  Curve 1 th e  type  
o f  sh rinkage  s tre s s  in d ic a te d  by Curve 2 o f  F ig .62 . A t low  
volume fin a c tio n s  th e  f ib r e  s tre s s  c o u ld  in  th e o ry , due to  v 
shrin lcage e f f e c t s ,  be n e g a tiv e  f o r  a p p re c ia b le  le v e ls  o f  : 
a p p lie d  s tre s s  (p „ .
Shrinkage 
(Case B only) v
Overlap No Overlap 
Cos os B, C, D.
OVERLAP
NO OVERLAP
Shrinkaq©
Gas© A.
Fig.63. INTERNAL STRESS DISTRIBUTIONS.
Fig. 64. MAXIMUM STRESSES.
Curve 3 i s  f o r  d> ma in  Case A o f  F ig . 63, w ith  no sh rinkage
based on e q u a tio n  (40 ) and F ig . 6 in  s e c t io n  3 *4 .
'L. ,*i . *i  "»• -i
Curve 4 adds to  Curve 3 a t y p ic a l  sh rin ka g e  s tre s s  based
on Curve 1 o f F ig . 63*
Curve 5 re p re s e n ts  a l t e r n a t i v e ly : -  a /
(a ) The maximum s tre s s  under te n s i le  la t e r a l  lo a d , (y^
Case B in  F ig . 63, w ith o u t sh r in k a g e ; based upon the  envelope 
curve  o f F ig .18 in  s e c t io n  4 .4 .2 .  f o r  a m ixed a r ra y .  , V .
(b ) The maximum sh e a rin g  s tre s s  O ^  due to  shear
a p p lie d  in  the  tra n s v e rs e  p la n e , Case C in  F ig . 63; deduced from  
the  a n a ly s is  o f s e c t io n  6 .
(c )  The maximum sh e a rin g  s t re  
a p p lie d , in  the  f ib r e  p la n e , Case D in  F ig . 63; based on th e :. -
ss d  , due to  shear a t
1Curve 6 adds sh rin kag e  s tre s s e s  to  the  form  o f Curve 5 
r e fe r r in g  to  Case B o f F ig *63. 'The e f fe c t  o f sh rinkage  in  t h is  
case is  c o m p lic a te d , and i s  d iscussed  in  d e t a i l  on a f a i lu r e  
b a s is  in  s e c tio n  1 0 .3 .2 .
1 1 .6 . Modes o f F a i lu r e .  >■
A s im p le  a n a ly s is  o f f a i lu r e  modes 
has been c a r r ie d  out in  s e c t io n  10, w o rk in g  on the  s im p le s t, 
c r i t e r io n  o f f a i lu r e  in  assuming i t  to  occur when th e  s tre s s  
.a t some p o in t  reaches the  l im i t i n g  te n s i le  s tre s s  in  the  
m a te r ia l a t th a t  p o s i t io n •• The mechanism o f f a i lu r e  w hich 
emerges from  t h is  approach is  ve ry  h ig h ly  dependent upon the  
va lu e s  assumed f o r  l im i t i n g  bond and m a te r ia l s tre s s e s , and 
th e  t o t a l  f a i lu r e  cu rves in  F ig . 65 are d e r iv e d  from  th e
'*analysis o f section  5° * ; :’
s tre n g th  f ig u re s  p o s tu la te d  in  s e c t io n  1 0 .2 .
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Curve 1 i s  f o r  (+> au , th e  a x ia l  s tre n g th  o f a p a r a l le l  
f ib r e  system w ith  lo n g  f ib r e s ,  based upon s e c t io n  10 .3 *1  • and 
F ig .47* Curve 1 i s  o n ly  p a r t i a l l y  shown, as th e  a x ia l  s treng th  
becomes e x tre m e ly  h ig h  as the  f ib r e  c o n te n t r is e s .
Curve 2 i s  the  t o t a l  f a i lu r e  envelope f o r  la t e r a l  te n s io ]
in  the  p a r a l le l  f ib r e  system , transposed  from  F ig .49 in '  -
s e c t io n  1 0 .3 *2 . In  a d d it io n  to  re p re s e n tin g  f o r  th e
p a r a l le l  f ib r e  case, i t  is  taken  to  r e fe r  to  . d  , th e  x 5 r '- ’ n u ’
s tre n g th  o f th e  random f ib r e  la m in a te  in  te n s io n  norm al to  
the  p lane  o f  la m in a t io n .
Curves 3 ancl 4 r e fe r  to  tra n s v e rs e  and a x ia l  shear 
s tre n g th s , ' V and YTa^u , f o r  the  . p a r a l le l  f ib r e  system , 
taken  from  1 0 .3 *5 * and F ig . 51*
Curve 5 i s  r ^ p U, The in -p la n e  te n s i le  s tre n g th  o f 
the  random f ib r e  la m in a te , ta ke n  from  1 0 .4 .3 *  and F ig .57*
Curve 6 g iv e s  r ^~ppU, The in -p la n e  shear s tre n g th  o f 
th e  random la m in a te , from  s e c t io n  1 0 .4 .4 .  and F ig . 58*
Curve 7 , n o t s p e c i f i c a l ly  developed in  p re v io u s  a n a ly s is  
in d ic a te s  th e  g e n e ra l tre n d  to  be expected f o r  ^ r s u , th e  
t e n s i le - s t r e n g th 'o f  the  random f ib r e  s o l id ,  t r e a t in g  t h is  as 
an e x te n s io n  o f th e  random f ib r e  la m in a te  case.
The cu rves in  F ig . 65 depend so 
h e a v ily  f o r  t h e i r  fo rm  upon the  n a tu re  o f  th e  assumed f a i lu r e  
mechanisms, and upon the  a r b i t r a r y  m a te r ia l d a ta  used in  
t h e i r  d e r iv a t io n ,  th a t  i t  would be unwise to  d iscu ss  t h e i r  
c h a r a c te r is t ic s  in  d e t a i l  a t  t h is  s ta g e .
They may, however, be ro u g h ly  d iv id e d  in to . tw o  ty p e s : -
(a ) t o t a l  f a i lu r e  r e q u ir in g  te n s i le  f a i lu r e  o f 
f ib r e s ,  and
(b ) t o t a l  f a i lu r e  n o t r e q u ir in g  te n s i le  f a i lu r e  o f 
the  f ib r e s .
Curves 1 ,4 ,5 ,6  and 7 o f the  f i r s t  ty p e ;-e a c h  has 
a c r i t i c a l  Vp v a lu e , lo c a te d  by a d is c o n t in u i t y ,  below  which 
th e  amount o f f ib r e  l e f t  in  te n s io n  a f t e r  m a tr ix  c o lla p s e  
i s  in s u f f i c ie n t  to  c a r ry  the  a p p lie d  s t re s s ,  and above which 
th e  f ib r e  i s  adequate to  c a r ry  the whole lo a d .
Curves 2 and 3 re p re s e n t cases In  which the  f ib r e  Is
in c a p a b le , due to  i t s  o r ie n ta t io n  in  r e la t io n  to  the  
lo a d in g  geom etry, o f  c a r ry in g  lo a d  when the  m a tr ix  has 
f a i le d  o r debonded.
1 1 .7« O b lique  Load ing  o f P a r a l le l  F ib re  System.
I t  has n o t been co n ve n ie n t to  - 
p re se n t o b liq u e  lo a d in g  c h a r a c te r is t ic s  in  th e  same form  as 
th a t  o f the. o th e r  com posite  p ro p e r t ie s  in  s e c t io n  11, due 
to  t h e i r  dependence upon angle  o f lo a d in g  as w e ll as upon 
f ib r e  c o n te n t•
I t  i s  n o t necessary  to  summarise o b liq u e  lo a d in g ,  
behavious h e re , as t h is  i s  a lre a d y  c o l le c te d  w ith  s u f f i c ie n t  
conciseness in
S e c tio n  7*1 • ,  eq u a tio ns  (155).* and F ig . 32 f o r  
e la s t ic  c o n s ta n ts , and.
S e c tio n  10*3»4. and F ig s . 52 and 55 Tot* t h e o r e t ic a l
s t re n g th .
PART XI. THE MEASURED PROPERTIES OF MOULDED COMPOSITES.:
12. Proposed T rea tm en t.
■ The p reced ing  s e c tio n s  have d e a lt  a t 
some le n g th  w ith  th e o r e t ic a l  aspects o f th e  be h av iou r o f an 
id e a lis e d  f ib r e - m a t r ix  system , le a d in g  to  th e  development o f 
te n ta t iv e  e xp re ss ion s  f o r  s e le c te d  c h a r a c te r is t ic s  o f the  
com pos ite .
These th e o r e t ic a l  p ro p e r t ie s  have now to  be compared w ith  
measured va lu e s  f o r  a c tu a l m ou ld ings ; b u t b e fo re  do ing  so i t  
i s  necessary to  e s ta b lis h  a s u ita b le  b a s is  f o r  c o m p a riso n :in  
term s o f the  degree o f c o r r e la t io n  which may be rega rded  as 
d e s ira b le .  T h is  c le a r ly  depends .to  a la rg e  e x te n t upon the  
degree o f v a r ia t io n  to  be expected in  a s e r ie s  o f n o m in a lly  
id e n t ic a l  m ould ings produced under s p e c if ie d  c o n d it io n s ,  s ince  
th e re  would be l i t t l e  p o in t  in  r e q u ir in g ,  say, 1 cJo accuracy 
in  c o r r e la t io n  between a th e o r e t ic a l  va lu e  and the  overage 
measured va lue  o f  a se t o f m ould ings i f  th e . c o e f f ic ie n t  o f 
v a r ia t io n  w ith in  th e  se t were 10/1 I t  i s  th e re fo re  necessary 
to  s p e c ify  the  m ould ing  c o n d it io n s  in v o lv e d  in  the type  o f 
p rocess under, c o n s id e ra t io n ,  in  o rd e r th a t  a s u ita b le  expected 
c o e f f ic ie n t  o f v a r ia t io n  on a g ive n  p ro p e r ty  may be e s ta b lis h e d ; 
a reasonab le  re q u ire m e n t f o r  the  accuracy o f agreement between 
th e o r e t ic a l  and measured va lu e s  may th e n  be p o s tu la te d .
I t  has a lre a d y  been e x p la in e d  in  th e  In t r o d u c t io n  th a t  
th e  work d e sc rib e d  here is  d ire c te d  tow ards the  in v e s t ig a t io n  
o f  com m ercia l processes u s in g  a r e la t i v e l y  moderate degree o f , 
s o p h is t ic a t io n ,  so th a t  a h ig h e r  v a r ia t io n  in  measured p ro p e r t ie  
w i l l  be a n t ic ip a te d  than  would occur in ,  say, filam ent-rw ound 
components o r in  item s h a n d - la id  unde f r ig o ro u s ly  c o n t ro l le d  
c o n d it io n s .  More s p e c i f i c a l l y ,  the  b a s is  o f th e  programme l ie s  
in  the  h o t com pression m ould ing  o f g la s s - re in fo rc e d  p o ly e s te rs  
o f  moderate f ib r e  c o n te n t, and a c o n s id e ra b le  amount o f work 
has been done in  m ould ing these  m a te r ia ls  under s im u la te d  
com m ercia l c o n d it io n s  to  e s ta b lis h  mean va lu e s  and c o e f f ic ie n ts  
o f - v a r ia t io n  f o r  s e le c te d  p ro p e r t ie s .
T h is  p a r t  o f the  programme w i l l  th e re fo re  be d e sc rib e d  in  
some d e t a i l ,  and w i l l  subsequen tly  be used as th e •p r in c ip a l  
b a s is  o f com parison w ith  th e  th e o r e t ic a l  work o f th e  fo re g o in g  
s e c t io n s .  A d d it io n a l m a te r ia l w i l l ,  however, be in tro d u c e d  from  
o th e r sources in  an a tte m p t to  assess lb.QtHe.t.lieL?appLi^fbiM ty .o f 
the  above a n a ly s is  to  more g e n e ra l cases and th e  e f fe c ts  o f 
s a l ie n t  assum ptions in  the  d e r iv a t io n  o f th e  exp re ss io n s  used. ,
15»1. Process C la s s i f ic a t io n .
The term  'Com pression M o u ld ing ' 
may lo o s e ly  be ta ke n  to  r e fe r  to  any process in  which the, 
f i n a l  fo rm in g  o f a component is  ach ieved by p re s s in g  the  
m ould ing  charge between p r o f i le d  fa c e s , th e  charge in  th e  
p re se n t c o n te x t b e in g  one based upon a th e rm o s e tt in g  m a te r ia l.  
Process c la s s i f i c a t io n  w i th in  t h is  c o n te x t i s  based upon 
tem pera tu re  and p re s s u re , le a d in g  to  th re e  p r in c ip a l  groups 
( i )  Cold lo w -p re ssu re  m ould ing  A  ■
( i i )  Hot lo w -p re ssu re  m ould ing 
( i i i ) ,  Hot h ig h -p re s s u re  m ou ld ing . .
There appears to  be no com m ercia l 
a p p l ic a t io n  f o r  th e  fo u r th  a l te r n a t iv e  o f. c o ld  h ig h -p re s s u re  
fo rm in g . C o n s id e rin g  b r i e f l y  the  o th e r th re e  c a te g o r ie s ,
( i )  Cold low -p ressu re , m ould ing  is  an e x te n s io n  o f 
hand la y -u p  on a s in g le  m ould, and is  in tro d u c e d  where p;ood - 
f i n i s h  i s  re q u ire d  on b o th  faces o f a t h in  s h e l l .  A p re fo rm  
is  la id  up in  one mould h a l f ,  u s u a lly  b u i l t  up from  g la s s -  
re in fo rc e d  p o ly e s te r  m o d ifie d  to .g iv e  a s h o r t  p o t l i f e  w ith  
c o n t ro l le d  exotherm , and th e n  pressed a t 10 to  40 l b f / i n  f o r  
some m in u te s . The process i s  n o t s t r i c t l y  a c o ld  one, s in ce  
th e  exotherm  may ra is e  the  tem pera tu re  to  more than  100°C, b u t 
i s  d e fin e d  as 'c o ld '  because o f the  la c k  o f e x te rn a l h e a tin g  . 
f a c i l i t i e s .  I t s  p r in c ip a l  advantage l ie s  in  the  use o f 
cheap f ib r e g la s s  o r co n c re te  m oulds, though these p e rm it o n ly  
r e la t i v e l y  sm a ll p ro d u c tio n  b a tc h e s .
( i i )  Hot lo w -p re ssu re  m ould ing  i s  s im i la r  in  p r in c ip le  to  
the  c o ld  p ro ce ss , u s in g  a p re fo rm  and f in is h in g  between lo w - 
p ressu re  to o ls ;  th e  to o ls  ore ke p t h o t,  however, so th a t  the  
p re fo rm  must be made e x te rn a l ly  and t ra n s fe r re d  to. th e  p re s s ; 
and the  p ressu re  used is  s l i g h t l y  h ig h e r , in  th e  range 
100-500 I b f / i n  . The need f o r  heat t r a n s fe r  and the h ig h e r 
lo a d in g  re q u ire s  the  use o f m e ta l to o ls ,  b u t f o r  moderate 
p ro d u c tio n  runs these may be o f K i r k s i t e , a lum in ium  a l lo y  o r 
o th e r  r e a d i ly - c a s t  m a te r ia ls  ra th e r  than  o f  s te e l .  A*
( i i i )  Hot h ig h -p re s s u re  m ould ing in v o lv e s  r e la t i v e l y  h ig h  " 
loa d s  on th e  to o ls ,  which'- are now used f o r  fo rm in g  the  charge 
from  a r e la t i v e l y  amorphous s ta te  ra th e r  th a n  f o r  a d ju s t in g  
th e  shapes o f p re fo rm s . The to o ls  must .th e re fo re  be -of . s te e l ,  
becoming econom ical, o n ly ,w ith  lo n g  p ro d u c tio n  ru n s ..
13» Compression Moulding P rocesses. ' .
T h is  la s t  p rocess is . g e n e ra lly  r e fe r re d  to  s im p ly  as 
Compression M ou ld ing , and w i l l  be in d ic a te d  by t h is  te rm  
th ro u g h o u t the  fo l lo w in g  d is c u s s io n . The f i r s t  two processes 
are o f no fu r th e r  in te r e s t  in  the  p re se n t tre a tm e n t, though 
measured p ro p e r t ie s  o f te s t  p ieces  produced by these methods 
may be quoted a t a la t e r  s ta g e .
13*2 . F a b r ic a t io n  Param eters in  Compression M ou ld ing .
The m echanica l p ro p e r t ie s  o f  a 
com pression-m oulded component depend upon a number o f fa c to r s ,  
th e  more s ig n i f ic a n t  ones be in g
(a ) Raw m a te r ia l co m p o s itio n
(b ) Form o f m ould ing  charge
(c )  Degree o f o ve rch a rg in g  . .
(d ) Shape o f moulded component
(e ) Design o f Mould
( f )  M ould ing  te m p e ra tu re , tim e  and p re s su re .
These w i l l  be d iscussed  f i r s t  in  
r e la t i v e l y  g e n e ra l te rm s , so as to  form  a background to  the  
more d e ta i le d  e xa m ina tio n  o f fe re d  la t e r  in  co n n e c tio n  w ith  
s p e c i f ic  m ould ing h is t o r ie s .
1 3 *2 .1 . Raw M a te r ia l C om pos ition .
U n re in fo rc e d  com pression m ould ings 
are u s u a lly  made from  th e rm o s e tt in g  m ould ing  compounds in  
powder .o r p e l le t  fo rm , le a d in g  to  c o n s is te n t r e s u l ts  b u t 
o f fe r in g  r e la t i v e l y  low  s tre n g th  v a lu e s .
H ighe r s tre n g th  may be ach ieved by th e  use o f Dough 
M ould ing  Compounds, co m p ris in g  a th ic k  r e s i n - f i l l e r  paste  
w ith  s h o rt f ib r e s  in  suspens ion . The in c re a s e  in  s tre n g th  is  
l im i t e d ,  however, by the  need f o r  u n ifo rm  m ix in g , which 
becomes d i f f i c u l t  when the  f ib r e  le n g th  exceeds about 0.25 in  
o r when the  f ib r e  volume c o n te n t i s  g re a te r  than  about 15$ .
The s h o rt f ib r e  le n g th  in h ib i t s  f u l l  developm ent o f i t s  
r e in fo r c in g  p o te n t ia l ,  p a r t ic u la r ly  w ith  h igh-m odu lus f ib r e  5 
w h ile  the  low  f ib r e  c o n te n t means th a t  w ith  poor m ixing- and 
m ould ing  the  weakening e f fe c t  o f s tre s s  c o n c e n tra t io n s , a i r  
in c lu s io n s  and o th e r  im p e rfe c t io n s  may reduce the  s tre n g th  o f 
the  compound to  a lo w e r va lu e  th a h n tb a t o f the  u n re in fo rc e d  
m a tr ix .  The f ib r e  does, however, convey e x tre m e ly  good: im pact 
re s is ta n c e ,  and Dough M ould ing  Compounds are p r in c ip a l ly ,  
employed in  o rd e r to  secure t h is  p ro p e r ty .
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Where the  Dough.M ould ing Compound cannot o f fe r  the. . 1
re q u ire d  s tre n g th ,  i t  becomes necessary to  in tro d u c e  sheet 
m a te r ia l in  which f ib r e  o f random o r s e le c t iv e  o r ie n ta t io n  i s  \ 
p re -ira p re g na te d  ana bound w ith  a s u ita b le  f i l l e d  r e s in .  T h is  
im p lie s  a r e la t io n s h ip  w ith  the  b a s ic  hand la y -u p  p ro ce ss , which 
uses s im i la r  m a te r ia l;  b u t th e  h o t h ig h -p re s s u re  p rocess o f fe rs  
much g re a te r  speed and r e p e a ta b i l i t y  o f p r o f i l e .  The e x te n t to  
which the  p o te n t ia l  s tre n g th  o f sheet m a te r ia l may be .re a lis e d  
i n  com pression m ould ing  depends m a in ly  upon the  fa c to rs  (b ) to  
( f )  i n  1 3 -2 . ;  b u t i t  may be observed a t t h is  p o in t  th a t  changes 
in  raw m a te r ia l form s which are in te n d e d  to  o f fe r  im proved 
s tre n g th  o fte n  have a co rre sp o n d in g  tendency to  in c re a s e  the  
s tre n g th  v a r ia t io n  in  a ru n  o f m ou ld ings, so th a t  th e  in h r.o d u c .tii 
o f  more s o p h is t ic a te d  compounds .can o n ly  be ju s t i f ie d ,  i f - t h e  
r e s u l t in g  in c re a se  in  s tre n g th  is  la rg e  enough to  o f f s e t  the  
r is e  in  s c a t te r ,  w ith  due re g a rd  to  the  degree o f p rocess 
c o n t ro l which may be e co n o m ica lly  fe a s ib le .
A d e ta i le d  d is c u s s io n  o f raw m a te r ia l c o n s t itu e n ts  is  
o u ts id e  the  scope o f t h is  tre a tm e n t, which i s  d ire c te d  p r im a r i ly  
tow ards the  re q u ire m e n ts  o f a des ign  e n g in e e r; he w i l l , in .  
g e n e ra l,  be concerned w ith  th e  o v e ra l l  p ro p e r t ie s  o f  a 
p r o p r ie ta r y  m a te r ia l ,  th e  c o n s t itu e n ts  o f which he may have the  
g re a te s t d i f f i c u l t y  in  d e te rm in in g , l e t  a lone  v a ry in g .  !
In  g e n e ra l te rm s , however, a t y p ic a l  p re -im p re g n a te d  sheet 
m a te r ia l f o r  g e n e ra l com m ercia l use would c o n ta in  between 20 
and 30/o by volume o f  E -g la s s  as 2 - in c h  random s tra n d s , as 
co n tin u o u s  p a r a l le l  s tra n d s , o r as woven c lo th ;  the  most common 
m a tr ix  i s  a p o ly e s te r  r e s in  c o n ta in in g  up to  about 50% o f a 
s u ita b le  f i l l e r ,  o f te n  based on ca lc ium  ca rbo n a te . O ther 
c o n s t itu e n ts ,  p re s e n t to  f a c i l i t a t e  h a n d lin g  and m o u ld ing , w i l l  
g e n e ra lly  in c lu d e  a c a ta ly s t  to  decrease th e  cure tim e;; a t 
m ould ing  te m p e ra tu re s , -  f r e q u e n t ly  a p e ro x id e  such as Benzoyl 
p a ro x id e , -  and in  i n h ib i t o r  such as h yd ro q u in o n e , to  g iv e  
reasonab le  s h e lf  l i f e .  The r e s u l t in g  m a tr ix  is  s o f t  and v is c o u s , 
te n d in g  to  harden w ith  tim e  i f  e v a p o ra tio n  o f  th e  s ty re n e  
s o lv e n t from  the  p o ly e s te r  i s  p e rm it te d . T h is ,  n o rm a lly  
re ta rd e d  by a fa c in g  o f p o ly th e n e  sheet d u r in g  s to ra g e , may aff.ec 
th e  p ro p e r t ie s  o f th e  moulded com posite  in  a manner- to  be 
d e sc rib e d  la t e r .
1 3 *2 .2 . Form o f M ould ing  Charge.
The use o f powder o r p e l le t  m a te r ia l 
f o r  com pression m ould ing  does n o t in v o lv e  any shaping o f the  
raw m a te r ia l cha rge , when re in fo rc e d  m a te r ia ls  are used, 
however, the  shape and form  o f the  charge in tro d u c e d  in to  th e  
mould can have, a c o n s id e ra b le  e f fe c t  on th e  f i n a l  p ro p e r t ie s  
o f the  m ou ld ing .
In  g e n e ra l te rm s , the  amount o f f lo w  w hich ta ke s  p la ce  
w ith in  the  mould as the  two ha lve s  are b ro u g h t to g e th e r  w i l l  
depend upon th e  d if fe re n c e  between the  i n i t i a l  and f i n a l  
shapes o f the  cha rge ; th e  g re a te r  the  d if fe re n c e ., th e  la r g e r  
the  movement in  the  m ould. The presence o f .any type  o f  
re in fo rc e m e n t g r e a t ly  in c re a se s  the  p r o b a b i l i t y  o f a i r  
e n tra in m e n t, and th e  e x p u ls io n  o f tra p p e d  a i r  re q u ire s  a - 
h ig h  degree o f f lo w .  T h is , however^ has an adverse e f f e c t  on 
th e  o r ie n ta t io n  and d is t r ib u t io n  o f r e in fo r c in g  f ib r e s ,  te n d in g  
to  cause s e g re g a tio n  and ’ b u n d lin g 1 w ith  u n p re d ic ta b le  and 
o f te n  u n d e s ira b le  u lt im a te  f ib r e  d is t r ib u t io n  in  th e  moulded 
component.
I t  th e re fo re  seems d e s ir a b le , p a r t ic u la r ly  in. m ould ings 
r e q u ir in g  s p e c if ie d  d is t r ib u t io n s  o f  random f ib r e ,  p a r a l le l  
f i b r e  and c lo th  ip  c o m b in a tio n , to  b u i ld  up a m ould ing charge 
which approx im ates f a i r l y  c lo s e ly  to  the  f i n a l  form  o f th e  
m o u ld ing , and to  e x t ra c t  .the a i r  as f a r  as p o s s ib le  by means 
o th e r  th an  h ig h - f lo w  m o u ld ing . A good d e a l o f  a i r  can be 
m e c h a n ic a lly  e x p e lle d  by s u ita b ly  fo rm in g  th e  charge , and 
i t  is  s im i la r ly  p o s s ib le  by an a p p ro p r ia te  charge s t ru c tu re  
to  d i r e c t  in c lu d e d  a i r  in t o  lo w -s tre s s  re g io n s  where i t  can 
do l i t t l e  harm. I t  i s  sometimes p o s s ib le  to  p re fo rm  the  
charge in  what i t  e f f e c t iv e ly  a c o ld  fo rm in g  p re s s , and. a ls o  
to  p re c u re ; the  l a t t e r  p rocess l iq u e f ie s  th e  m a tr ix  and causes 
d i f f u s io n  o f en trapped  a i r  away from  in te r la m in a r  b o u n d a rie s , 
w h ich  o th e rw ise  become p lanes o f weakness.
The a cce p ta b le  degree o f p re -m o u ld in g  m a n ip u la tio n  i s , o f 
co u rse , a fu n c t io n  o f th e  spectrum  o f a v a ila b le  s k i l l s ,  
equipment, and c o n t ro l  p roce d u re s , and must be. o p tim ise d  on 
t h is  b a s is .  ' .
13 *2 .3 * O ve rcha rg ing .
In  any m atched-d ie  com pression 
m ould ing  p rocess i t  is  necessary  to  feed  in  s l i g h t l y  more 
charge Lhan the  c a v ity  w i l l  h o ld , in  o rd e r to  ensui'e th a t  th e  
c a v i ty  i s  co m p le te ly  f i l l e d ;  th e  excess escapes as ' f l a s h 1 a t
th e  p a r t in g  l in e .  I d e a l ly  t h is  overcharge, shou ld  be v e ry  
s m a ll,  o f fe r in g  a v e ry  t h in  f la s h  o f r e s in  o n ly ; in  p r a c t ic e ,  
however,, i t  i s  d i f f i c u l t  to  c o n t ro l a charge w e igh t e x a c t ly ,  
so a la rg e  enough overcharge may occur to  induce  h ig h  lo c a l  
flo w , ra te s  a d ja ce n t to  th e  p a r t in g  l in e  as th e  d ie s  come 
to g e th e r ,  w ith  s ig n i f ic a n t  e f fe c t  on the  s t ru c tu re  o f th e  
m ou ld ing .
1 3 *2 .4 . Shape o f Moulded Component.
The fa c to rs  g o ve rn in g  a c c e p ta b i l i t y  
o f  com ponent.shape in  com pression m o u ld in g .depend to  a la rg e  
e x te n t upon th e  d e ta i ls  o f th e  proposed m ould ing  p ro ce ss ; the  
h ig h e r  the  degree o f f lo w  w hich is  to  be used, the  more i t  
becomes im p o rta n t to  avo id , sudden changes in  shape, o r ' -
r e s t r ic t io n s ,  which would encourage f ib r e  s e g re g a tio n  due to  
th e  f lo w  In v o lv e d , 'where a s tru c tu re d  charge o r p re fo rm  i s  . 
con te m p la te d , f a i r l y  complex shapes can be moulded s u c c e s s fu lly  
b u t where s im p l ic i t y  o f p ro d u c tio n  re q u ire s  a r e l a t i v e l y  
crude charge body i t  i s  e s s e n t ia l to  g iv e  c a r e fu l  c o n s id e ra t io n  
to  th e  f lo w  p a t te rn  which is  go ing  to  occur d u r in g  c lo s u re .
As a g e n e ra l r u le  i t  i s  im p o rta n t to  a vo id  t h ic k  s e c t io n s ,  
as sh rinkage  may th en  cause a wavy su rfa ce  and p o ro s ity  in  
the  core  o f  the  m ou ld ing . ■ ■
1 3 *2 .5 * Mould D esign .
Mould d e s ig n  is  a la rg e  f i e l d  
w hich i t  i s  n o t proposed to  e n te r  in  t h is  tre a tm e n t; m ention  
may;be made, however, in  co n n e c tio n  w ith  th e  p re ce d in g  s e c t io n  
oh the  moulded shape, o f th e  e x is te n c e  o f an optimum p a r t in g  
l in e  geom etry and la n d  d e s ig n  to  o f f e r  th e  b e s t f lo w  p a t te rn  
a t  c lo s u re . In  g e n e ra l, i t  i s  d e s ira b le  to  ha ve . the  lo n g e s t 
p o s s ib le  p a r t in g  l i n e ,  so th a t  a r e la t i v e l y  la rg e  vo lu m e .o f 
f la s h  may escape w ith o u t s ig n i f i c a n t l y  d is tu rb in g  the  f ib r e  
d is t r ib u t io n  th ro u g h  the  c re a t io n  o f h ig h  lo c a l  f lo w  r a te s .
1 3 *2 .6 . Press O p e ra tio n  Param eters.
Compression m ould ing  o f p o ly e s te r -  
based com posites i s  c a r r ie d  out u s in g  a p la te n  tem pera tu re  
o f  about 130. to  140°C w ith  a 5 to  15 -m inu te  c lo s u re , depending 
on th e  mass o f th e  m ould ing  in v o lv e d . These f ig u re s  are  n o t 
p a r t ic u la r ly  c r i t i c a l ;  o v e rh e a tin g  o r o v e rt im in g  must be 
severe to  produce s ig n i f ic a n t  lo s s  o f m ould ing  p ro p e r t ie s ,  so 
th e  va lu e s  quoted are w e ll- above the;, minimum th re s h o ld  . v a lu e s  
,;in  o rd e r to  a vo id  th e  more s e r io u s , p ro p e r ty  losses; a ss o c ia te d  .
w ith  u n d e rc u r in g . ;
Ram p ressu re  must be h ig h  enough to  ensure com plete  mould 
c lo s u re  w ith o u t d is to r t in g  o r damagine the  d ie s ;  w i th in  th e  'w ide  
p ressu re  range re p re se n te d  by these c o n d it io n s  th e  m ou ld ing  
p ro p e r t ie s  are v i r t u a l l y  u n a f fe c te d v s ince  th e  ram lo a d  i s  
t ra n s m it te d  th ro u g h  th e  d ie s  and n o t th ro u g h  the  m ould ing  charge
The ra te  o f f i n a l  c lo s u re  may, however, be c r i t i c a l ;  to o  
ra p id  a movement can cause a snddeii p ressu re  r is e  in  th e  m ix 
b e fo re  the  f la s h  can escape, le a d in g  to  f ib r e  damage, w h ile  to o  
low  a ra te  may p e rm it ’ s lu m p in g ’ o f the  charge due to  m e lting- 
b e fo re  fo rm in g  can commence, o r may even cause prem ature lo c a l  
c u r in g  which co u ld  in tro d u c e  s tre s s  c o n c e n tra t io n s  in t o  th e  
f i n a l  s t ru c tu re  o f the  m ou ld ing .
14 . Measured P ro p e r t ie s  o f B as ic  Systems.
The re sea rch  programme on w hich t h is  
th e s is  is  based i s  concerned w ith  the  com pression m o u ld in g .o f 
fa n  components from  e x is t in g  p r o p r ie ta r y  m a te r ia ls ;  the  te s tin g -  
c a r r ie d  ou t w i th in  th e  programme has th e re fo re  been p redom inan t1 
c o n fin e d  to  s im p le  in v e s t ig a t io n  o f these  same m a te r ia ls .
The b a s ic  m ou ld ing  m a te r ia l f o r  c u r re n t  fa n  component, 
p ro d u c tio n  i s  F lo m a t, w hich i s  b a s ic a l ly  E~glass f i b r e , i n  a 
f i l l e d  p o ly e s te r  m a tr ix ,  s u p p lie d  in  the  fo l lo w in g  s h e e t/ fo rm s : -
(a ) Random f ib r e  m at, c o n ta in in g  55% "by w e ig h t, 25%  by 
vo lum e, o f 2 - in c h  s tra n d s ,
(b ) P a r a l le l  f ib r e  s h e e t, c o n ta in in g  50% by w e ig h t, 21% , 
by volum e, o f co n tin u o u s  p a r a l le l  s tra n d s , and
(c )  Im pregnated c lo th ,  c o n ta in in g  40% b$r w e ig h t, 29% by 
vo lum e, o f  co n tin u o u s  £ ib re  d is t r ib u te d  e q u a lly  in  two-, 
p e rp e n d ic u la r  d i r e c t io n s .
The above pe rcen tages are n o m in a l, 
and are found to  v a ry  to  some e x te n t from  one p a r t  to  a n o th e r 
o f a g iv e n  sh e e t; no a tte m p t was made to  c o r re c t  f o r  t h is  
v a r ia t io n ,  however, in  the  p re se n t programme, as i t  was :•
rega rded  as an in h e re n t f a c to r  in  the  com m ercia l m ou ld ing  
p ra c t ic e  to  which the  programme is  l in k e d .  ; v  '
I n  a d d it io n  to  the  p r o p r ie ta r y  
systems in d ic a te d  above, u n re ir ifo rc e d  m a tr ix  -specimens were 
moulded from  m a te r ia l skimmed ou t o f th e  edges o f r e in fo r c e d  
sh e e t, and fu r t h e r  te s t  ba rs  were from  a hand-m ixed dough 
m ould ing  compound in  th re e  batches c o n ta in in g  re s p e c t iv e ly
• 140 I
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20, 25 arid 50$ by w e igh t (1 4 , 18, 22$ by volum e) o f ^ r-in ch
s tra n d s  in  a f i l l e d  p o ly e s te r  dough. ' ' i
Each type  o f moulded te s t  b a r was j
s u b je c te d  to  an a p p ro p r ia te  s e le c t io n  from  the  fo l lo w in g  l i s t  
o f  te s ts
A x ia l te n s io n  
A x ia l com pression 
Pure bending 
Shear
Creep in  pure bending
F a tig u e  in  pure bending *-• ,
C o e f f ic ie n t  o f  l in e a r  expansion
15* P re p a ra tio n  o f  Test P ie ce s .
‘ To p e rm it an assessment o f v a r ia t io n  
in  f i n a l  m echan ica l p ro p e r t ie s  o f com ponents.produced under 
com m ercia l m ou ld ing  c o n d it io n s ,  te s t  bars were moulded w ith - o n ly  
a moderate degree o f  c o n t r o l ;  th e  m ould ing  charges were 
p repa red  by hand, w ith  some v a r ia t io n  o f te c h n iq u e , from  random 
ba tches o f m a te r ia l a t d i f f e r in g  stages o f  t h e i r  s h e lf  l i f e .
In  the  fo l lo w in g  paragraphs the  modes o f  p re p a ra t io n  o f 
the  v a r io u s  te s t  p ie ce s  w i l l  be o u t l in e d  in  some d e t a i l .
15 *1 . Random F ib re  Test P ieces
Random f ib r e  t e s t  ba rs  were s u b je c te d  
to  more d e ta i le d  and in te n s iv e  in v e s t ig a t io n  than  were any o f 
th e  o th e r system s, because th e  random f ib r e  mat was rega rded  as 
th e  b a s ic  s t r u c tu r a l  c o n s t itu e n t  im moulded fa n  components.
The form  o f  te s t  b a r used is  shown in  F ig . 66; a l l  such ba rs  
were moulded by G e o ffre y  Woods L im ite d  in  t h e i r  m oulding, shop. 
The m ould ing  charge com prised a s ta c k  o f p r o f i le d  la m in a tio n s ,  
th e  in te n t io n  b e in g  to  r e ta in  a s t ru c tu re  o f f l a t  p a r a l le l  p lane  
in  th e  moulded b a r .  I t  was fo u n d , however, th a t  as th e  mould j 
c lo se d  th e  s ta c k  became u n s ta b le  th ro u g h  lo c a l  l iq u e fa c t io n  and 
c o lla p s e d  d ia g o n a lly  as in d ic a te d .
Bars to  be te s te d  in  bend ing w e r e le f t  in  the  as-m oulded j 
c o n d it io n ;  f o r  t e n s i le  te s in g ,  however, r e in fo r c in g  pads o f 
A r a ld i te  were bonded to  the  ends, which were then  d r i l l e d  . fo r  
th e  lo a d in g  p in s .
. DIMENSIONS IN INCHES.
Compression te s t in g  was c a r r ie d  out on 2 - ir ic h  le n g th s  : 
c u t from  the  p a r a l le l  p o r t io n  o f the  same te s t  b a r .
I -M5 P a r a l l e l  F ib re  Test P ie ce s .
A l l  th e  p a r a l le l  f ib r e  te s t  p ie ce s  
vane moulded in  th e  sm a ll p la te  mould shown in  F ig .67. . A ttem pts  
were f i r s t  made to  make p r o f i l e d .bars w ith  a x ia l  f i b r e ,  u s in g  
a p r o f i l e  in s e r t  to  g ive  the  shape o f F ig .6 7 ( c ) ; i t  proved 
d i f f i c u l t  to  make these s u c c e s s fu lly ,  however, a n d . la te r  a x ia l  
f ib r e  specimens were made by rem oving the  m ou ld 's  p r o f i l e  in s e r t  
and making a s la b  (F ig .6 7 (d ) )  which was then  savin  in t o  bars,. .
The savin bars were f i n a l l y  smoothed, and re in fo rc e d  by bonded-on
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alum in ium  p la te s  as i l l u s t r a t e d  in  F ig .6 7 ( f ) *  .«
In  m ould ing p a r a l l e l - f ib r e  bars w ith  th e  f ib r e  axes ]
ru n n in g  across th e  lo a d  a x is  i t  was found necessary to  make 
a new mould p la te  g iv in g  the  tap e red  s la b  shown in  F ig .  6 7 (e ) ; 
t h is  was because th e  g r ip  o f the  lo n g e r s id e s  o f th e  mould 
p la te  a p e rtu re  on th e  re c ta n g u la r  s la b  p reve n te d  i t . f r o m  
s h o rte n in g  due to  s h r in k a g e , and the r e s u l t in g  in te r n a l  -s tre ss e s  
were s u f f i c ie n t  to  b reak th e  s la b  in  the  m ould.
In  a l l  cases, th e  mould was sprayed w ith  re le a s e  a g e n t, 
loaded ' and pressed c o ld ,  th e n  pressed between the  heated p la te n s  
o f th e  m ould ing  p ress f o r  about 15 m in u te s .
F ig .68 i l l u s t r a t e s  two d e fe c ts  found in  th e  p a r a l l e l - f ib r e  
b a rs  moulded by the  above methods.
(b) (c)
Fig.6 8 . SURFACE SWIRL AND FIBRE BUCKLING IN 
PARALLEL FIBRE MOULDINGS.
O vercharg ing  o f the  mould shown in  F ig .6 7 (a )  caused h ig h  
lo c a l  f lo w  ra te s  a t the  edges o f the m ould ing  a s .th e  mould 
c lo s e d , s in ce  th e  f la s h  was fe d  from  these  edges as shown in  
th e  upper ske tches o f F ig . 68. T h is  f lo w  tended to  b reak down the
’ w 2>\
s tra n d s  o f  re in fo rc e m e n t a d ja ce n t to  th e  f la s h  e x i ts  and sp read /
th e  f i la m e n ts  in  s w ir ls  a t the  su rfa ce  as in d ic a te d  in  P ig .68. 1- - , - I
The e f fe c t  was, p u re ly  s u p a r f ic ia l , though ra th e r  more pronounced 
w ith  h ig h  degrees o f o v e rc h a rg in g . In  a p r o f i le d  b a r th e  s w ir l  
extended w h o lly  across the  w o rk ing  s e c t io n ,  as in  F ig .6 8 (a ) ;  in .. 
a s la b , however, the  c e n t ra l band rem ained v i r t u a l l y  u n a ffe c te d  
as in  68 .(b)-• No s ig n i f ic a n t  d if fe re n c e  in  m echan ica l p ro p e r t ie s  
was observed f o r  ba rs  c u t from  the  c e n tre  and edge o f the  same 
s la b .
A l l  the  p a r a l l e l - ! ib r e  m ould ings d is p la y e d  a r e g u la r  wave 
in  the  f ib r e s  as i l l u s t r a t e d  in  F ig .6 8 (c )  and in  the  c e n t ra l b a i 
o f  6 8 (b ) . T h is  p e rs is te d  th ro u g h o u t the  body o f the  specimen and 
was assumed to  re p re s e n t f ib r e  b u c k lin g  due to  d i f f e r e n t i a l  
sh r in k a g e . Tests  in d ic a te d  th a t  the  m a tr ix ,  though s h r in k in g  
u n ifo rm ly  from  the  cure tem pera tu re  o f 130-140°0 , rem ains s o f t  
above about 80°C, so th a t  b u c k lin g  d e fo rm a tio n  co u ld  occur 
d u r in g  t h is  phase o f the  c o o lin g  and be re ta in e d  in  the  hardened 
m a tr ix  a t lo w e r te m p e ra tu re s .
P a r a l le l  f ib r e  s la b s  w ith  the  f ib r e s  ru n n in g  across the  
s la b  d id  n o t d is p la y  s w ir l  except a t the  ends, s in ce  th e  f lo w  
in to  the  f la s h  a long  the  lo n g e r edges was p re d o m in a n tly  in  
l in e  w ith  the  f ib r e s .  B u c k lin g , however, was in  evidence in  
a l l  such m o u ld in g s . i
In  a d d it io n  to  the  o rth o g o n a l systems a lre a d y  d e s c r ib e d , 
f u r th e r  s la b s  were moulded w ith  f ib r e  axes a t 22-g-, 45 and 
6 7 i°  r e s p e c t iv e ly  to  the  lo n g e r a x is  o f th e  s la b . For each 
a n g le , two types  o f s la b  were moulded; in  one a l l  the  f ib r e s  
were in c l in e d  in  the  same sense, and in  the  o th e r a lte rn a te  
la y e rs  in  th e  charge had o p p o s ite  se n se s .o f in c l in a t io n ;  The 
f i r s t  system; would th e re fo re  have shear d e fo rm a tio n  induced  by 
a x ia l  lo a d in g , whereas t h is  d e fo rm a tio n  would be c a n c e lle d  by 
th e  a l te r n a t in g  o r ie n ta t io n  M  th e  second s t r u c tu r e .
C lo th  Test P ie ce s .
C lo th  te s t  p ie ce s  were sawn from  
re c ta n g u la r  s la b s  (F ig .6 7 (d ) )  in  two fo rm s , one w ith  the  
f ib r e s  p a r a l le l  to  the  s la b  axes, and th e  o th e r  v / ith  th e  
f ib r e s  a t 45° to  the  s la b  axes.
‘ "i;A  5 » M a tr ix  Te s t  P ie c e s .
T est p ieces  o f  f i l l e d  m a tr ix  a lone 
were moulded s e p a ra te ly  as p r o f i le d  b a rs , using, f i r s t  the  form  
shown in  F ig .6 7 ( k ) ? and la t e r  the  im proved form  o f 6 7 (b ) .
- : ■ ' ' i; • •' '* ■ ' . ; ' ' '146 !
Some d i f f i c u l t y  was encountered here due to  the  h ig h
sh rinkage  o f th e  m a tr ix ,  which was s u f f i c ie n t  to  b reak the  b a r \
i n  te n s io n  w ith in  the  mould u n le ss  i t  were removed w h ile  s t i l l  
h o t .
15 *5* Dough M ould ing  le s t  P ieces .
These were moulded, in  the  same form  
as were the  random f ib r e  b a rs , ( P ig .6 6 ) w ith  the  in te n t io n  
o f  assess ing  th e  p r a c t i c a b i l i t y  o f m ould ing  the  s m a lle r  fa n
w ings in  the  same way. The m ix was made up by hand, and th e  ;
degree o f m ix in g  was n o t th e re fo re  ve ry  s a t is fa c to r y .
16. T e s tin g  P rocedures and R e s u lts .
I n  the  paragraphs which fo l lo w , ,  
o u t l in e s  w i l l  be g ive n  o f th e  ways in  which the. v a r io u s  
t e s t  ba r groups were te s te id , and the r e s u l ts  w i l l  be ta b u la te d .  
F u l l  d is c u s s io n  o f the  c o lle c te d  r e s u l ts  w i l l  be co n ta in e d  in  
a la t e r  s e c t io n .
1 0 .1 . Tests  on Random F ib re  Specimens.
Random f ib r e  ba rs  o f th e  type  
shown in  F ig . 66 were te s te d  i n : -  •
(a ) a x ia l  te n s io n
(b )  a x ia l  com pression I
(c )  pure bending
(d ) shear
(e ) pure dynamic bending ( fa t ig u e )
( f )  pure lo n g -te rm  bending (c re e p ) 
and f o r  (g ) c o e f f ic ie n t  o f l in e a r  expans ion .
1 6 .1 .1 . A x ia l T e n s ile  T e s ts .
These te s ts  were the  most e la b o ra te  in  
the  programme, u s in g  s tra in -g a u g e d  lo a d in g  l in k s  and extensom ete 
e lem ents so as, to  re c o rd  th e  lo a d -e x te n s io n  curve  on an X-Y 
R ecorder as in d ic a te d  in  F ig . 69* The creep component was 
m in im ised  by u s in g  a f a i r l y  h ig h  s t r a in  r a te .
The re co rded  cu rves in d ic a te d  an e s s e n t ia l ly  l in e a r  s t r e s s -  
s t r a in  r e la t io n s h ip  up to  about h a l f  the  u lt im a te  s t re s s ,  j
beyond which p o in t  p ro g re s s iv e  damage le d  to  n o n - l in e a r i t y ;  
lo a d  c y c lin g  in  the  n o n - lin e a r  re g io n  gave a lo w -h y s te re s is  
l in e a r  r e tu r n ,  however, as in d ic a te d  in  the  average curve  o f 
F ig . 70.
For each specim en, the  s tre s s  and s t r a in  a t th e  l i m i t  o f  
p r o p o r t io n a l i t y  and a t f a i lu r e  were re co rd e d , and the  modulus o f
'  r-J
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F ig .69. TENSILE TESTING OF 
RANDOM FIBRE TEST 
'PIECES. ■
e la s t i c i t y  ta ke n  from  th e  s lope  . 
o f the  l in e a r  p o r t io n  below the  
l i m i t  o f p to p o r t io n a lity . / -T h e s e  > 
va lu e s  are se t o u t, w ith  a summary, 
o f the  c o lle c te d  c h a r a c te r is t ic s ,  
in  Table I , . i n  w h ich :~
‘LG p^ «. te n s i le  : s tre s s  a t  ■ l i m i t . o f  - p r o p o r t io n a l i t y -  .
£ p t  = te n s i le  s t r a in  a t l i m i t , o f  p r o p o r t io n a l i t y
r E^ = modulus o f e l a s t i c i t y  in  te n s io n
»’ te n s i le  s tre s s  a t f a i lu r e
6 ut  = te n s i le  s t r a in  a t f a i lu r e
0 « C o e f f ic ie n t  o f V a r ia t io n  = ~sj~n~  
where x  = observed va lue  
x  = mean va lue  
• ' n = number o f observed va lues- s
Some o f the  te s t  p iece s  f a i le d  o u ts id e  the  p a r a l le l
F ig .7 0 . STRESS-STRA1N CURVE FOR RANDOM FIBRE 
TEST PIECES.: '
p p r t io n  due to  lo c a l  f a u l t s  a r is in g  from  the  r e in fo r c in g  pa.d 
a tta ch m e n t, and in  these  cases the  tru e  f a i lu r e  s tre s s  would 
be , as in d ic a te d  in  the  ta b le ,  in  excess o f the  reco rded  f ig u re  
In  o th e r  cases re c o rd in g  was n o t s u c c e s s fu l,  and 
o n ly  the  lo a d  a t f a i lu r e  was o b ta in e d .
TABLE I .  RANDOM FIBRE: TENSILE TEST RESULTS.
„ Specimen 
No.
l f e f / in 2
•-« 1/ <-Et
lb f / x n 2
r ^ u t
l b f / i n 2
£ , u t
1 5 650 0.0043 1.31 x 106 9 130 0.0102
2 4 510 0.0041 1 .05  x 106 9 020 O .O I5O
3 5 400 0.0043 1.25 x 106 9 300 .0.0109 ;
4 6 000 0.0057 1 .05  x: 106 9 760 0.0124
5 4 980 0.0036 1.37 x 106 .10 250 0.0111
6 - r 9 780 -
7 5 430 0.0037 1 .45 x  106 10 600. 0.0110
8 5 310 0.0037 1 .45  x  106 >9 280 -
9 - • - 10 170
•10 4 715 0.0033 1 .42  x  10? > 7 090
11 6 450 0.0047 1.38 x  106 > 9 770
12 4 770 0.0030 1.59 x  106 10 900 0.0120
13 4 280 0.0036 1.43 x  106 , 9 950 0.0105
14 . 5 240 0.0036 1.45 x  106 > 9 120
15 4 300 0.0027 1.61 x  106 9 170 ,0 .0098
16 •» - - 9 400 0.0095
17 “ - 9 380 -
as 52260 0.0036 1 .46  x 106 7 950 0 .0067
19. 5 375 0.0032 1.69 x  106 >11 670 c ,
20 6 050 0.0036 1 .68  x. 106 10 380 0.0120
21 5 210 0.0037 1 .42  x 106 10 120 0.0108
22 4 590 0.0032 1 .45  x 106 9 720 0.0012
23 4 510 0.0032 1.42 x 106 9 130 0.0093
24 4 350 0.0028 1 .54  x  106 10 280 0.0110
25 4 650 0.0035 1 .3 4  x  106 10 210 0.0113
26 4 700 0.0032 1 .48  x  106 >10 420 -.n *"• . v. . -
27 5 180 0.0032 1 .55  x 106 10 900 0.0100
28 3 780 0.0026 1 .48  x  106 . 8 380 0.0095
29 4 550 0.0030 1.52 x  106 9 550 0.0100
30 - - 10 030 -
No. o f  Readings 25 25 25 24 20 '
Max. Value 6 450 0.0057 1.69 x  106 11 670 0.0150
M in . Value 3 780 0.0026 1 .05  x 10b 7, 090- 0 .0067
Mean Value 5 000 0.0035 1.43 x  106 9-730 0.0108
0 % ■ 13 19 12 8; 14
--• • • •  /  • ' . r. • (• •> 150
16.1.2. Axial Compressive Tests.
Axial compression was applied to 
2-inch:lengths cut from the parallel portions of.test pieces 
moulded to the form in Fig.66. Load-extension curves v/ere 
again plotted on the X-Y Recorder, leading to the results 
tabulated in Table II, where:-
= Compressive stress at limit of proportionalitypc£pC « compressive strain at limit of proportionality
rE = modulus of elasticity in compressioncrduc -- comj^ ressive stress at failure
£. = compressive strain at failure . j
■ The overage stress-strain curve had 
the.same general characteristics as the tension curve shown in 
Fig.70, except that the stresses and strains at failure were 
about tv/o and a half times as high.
TABLE II.= RANDOM FIBRE: COMPRESSIVE TEST RESULTS. ■
Specimen 
A No. ■
A c
lbf/in2
£• pc * Ec
lbf/in2
f^UC
lbf/in2
£ uc
1 . ‘ 15 300 0.0124 1.235 x 106 : 23 600 0.0224
2 17 100. 0.0139 1.230 x 106 27 200 0.0268
5 15 450 0.0099 1.355 x 10b 28 200 0.0257
4 16 700 0.0130 1.280 x 106 27 200 0.0278
- ■ - 28 1-00
6 16 300 0.0122 - l .340 x 1.06 •28 600 0.0281
7 _ - -  . 27 600 -
8 16 800 0.0135 1.240 x 106 25 300 0.0255
9 10 020 0.0071 1.430 x 106 25 900 0.0244
No. of Readings 7 7 7 9 C 7 ■;
Max. Value 17 100 0.0139 1.430 x 10b 28 600 0.0281
Min. Value 10 020 0.0071 .1.230 x 106 23 600. 0.0224
Mean Value * 15 100 0.0117 1.300 x 10b • 26 890- 0.0258
C c£ 15*5 20.5 5*5 5+5 8.0
In Tables I and II, the quantity E corresponds, to.. E* jO v A X* ■? Xand in the theoretical treatment of section 7*5»? since
the axial load acts in the plane of lamination. The. suffices
t and c are added because in this particular case the tensile
and compressive moduli do not appear to have the same value.
Similarly, the tensile ultimate stress- & represents, r ujjthe in-plane ultimate tensile stress r<$ in the treatment of 
section 10.4.4.
 .......... *16v 1 .3•*''-Pure B e n d in g /T e s ts ... ... .
Test ba rs  as in  F ig . 66. were te s te d
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Holes pe rm itting  d irect LOAD (Am sler) Dimensions in inches
• linkage to  bottom bars f
for ca lib ra tion  te s t  * • 1^'dia. bolt
  r
X
SPECIMEN-
7 p "
e
p
I f
%■
D.C. Supply
Fig.71. BENDING TEST ON 
RANDOM-FIBRE 
TEST BARS.
f o u r - p o in t  bend ing in  th e  r ig -sh o w n  in  F ig .  71? aga in  using- 
a u to g ra p h ic  re c o rd in g . The r e s u l t in g  curve  was o f c u rv a tu re  
a t the  te n s i le  s u rfa c e  a g a in s t a p p lie d  lo a d ; c o rre c te d  f ig u r e  
f o r  bending moment and c e n tro id  a x is  c u rv a tu re  are set?-out in  
Table  I I I .  The r e la t io n s h ip  between these two fa c to rs ' was 
found to  be n o n - l in e a r  and w i l l  be d iscussed  in  more d e t a i l  
l a t e r .  A ls o , s in ce  the  s t r e s s - s t r a in  r e la t io n s h ip s  in  a x ia l  
te n s io n  and com pression are n o n - l in e a r ,  tbe  s t r e s s .a t  f a i lu r e  
in  bending can o n ly  be deduced by a p a r t ic u la r  form  o f ana lys  
w hich w i l l  a ls o  be d iscussed  la t e r ,  and which is  a n t ic ip a te d  
by the  d e r iv e d  u lt im a te  s tre s s  va lues quoted in  Table i l l .
Mu = bending moment a t f a i lu r e  
Ru = ra d iu s  o f c u rv a tu re  o f  b a r ;a x is  a t f a i lu r e  
= d e r iv e d  bending s tre s s  a t f a i l u r e .
TABLE I I I . -  RANDOM FIBRE:. BENDING TEST RESULTS.
15 2
In Table I I I ,
Specimen
No.
Mu
lb f ~ in
E ~'1U_xj
in ~
• f^ u b  p
l b f / i n
1 410 0.0371 11 300
2 511 •0.0514 14 000
3 462 0.0411 12 700
4 508 0.0474 13 900
5 496. 0,0538 • 13 700
6 548 0.0590 15 000
7 486 0.0524 13 300
8 505 0.0534 13 700
9. ■ 486 0 .0524 13 300
10 484 0.0498 13 300
11 469 0.0514 12 900
12 460 0.0494 12 600
13 , 575 0.0593 15 800
No. o f Readings 13 13 13
Max. Value 575 '0 .0 5 9 3 15 800
M in . Value 410 0.0371 11 300
Mean Value 490 0 .0506 13 600
0 $ 8 12 8
For a l l  the  above specim ens, th e  b re a d th  and dep th
o f  th e  p a r a l le l  c ro ss  s e c t io n  co u ld  be ta k e n , w ith  v e ry  sm a ll
v a r ia t io n ,  as 0 .7 8  and 0 .495  in .  r e s p e c t iv e ly ,  g iv in g  a Z va lue  
3o f 0 .0292 in  • Due to  th e  n o n - l in e a r i t y  in v o lv e d , no r e a l l y  
m e a n in g fu l va lu e  can be deduced f o r  the  modulus o f e l a s t i c i t y  
i n  b end ing ; a ta n g e n t va lu e  w i l l ,  however, be d iscussed  i n ' : ,  
th e  la t e r  s e c t io n  d e a lin g  w ith  the  r e la t io n s h ip  between a x ia l  
lo a d in g  and pure be n d in g .
1 6 .1 .4 . Shear T e s ts .
No a tte m p t was made to  e va lu a te  
th e  modulus o f r i g i d i t y ,  as th e  r e la t i v e ly  sm a ll im portance  o f 
t h is  param eter in  g e n e ra l des ig n  work was n o t th o u g h t to  
j u s t i f y  the  c o n s tru c t io n  o f the  e la b o ra te  appara tus o r  tu b u la r  
m ould ings which would be. re q u ire d  f o r  a ccu ra te  work.
Tests w ere , however, c a r r ie d  out to  e s tim a te  the . 
approxim ate shear s tre n g th s  o f ra n d o m -fib re  la m in a te s  when v 
loaded in  a s e le c t io n  o f shear system s.
In  o rd e r to  co n tin u e  the  assessment o f  the  e f fe c ts -  o f 
com m ercia l m ou ld ing  te ch n iq u e s  on the  s c a t te r  in  m echan ica l 
p ro p e r t ie s ,  a l l  th e  te s t  jiie c e s  were c u t from  standa rd  ba rs  
o f  th e  type  shown in  F ig . 66. The lo c a t io n s  o f  the  te s t  c u ts  
and th e 'lo a d in g  systems used are summarised in  F ig . 72*
c
TEST PIECES
| l |  I M
TT
I
t l
( b)Double Shear of (c)Single Shear (d)Double Shear 
C for /Y Apu. of A and G for/X ,^ of B for
i d
Y
p
(e )S h o rt Beam test for r T Mpj B )
F ig .72, SHEAR TESTING OF RANDOM FIBRE 
l a m in a t e ;
In  specimens A and-.B, c u t from  t h e - f la t  end o f  the  
m ou ld ing , the  c o n s t itu e n t  la y e rs  are e f f e c t iv e ly  p la n e , though: 
s l i g h t l y  wavy; specimen C in c o rp o ra te s  the  d ia g o n a l p a t te rn  ' 
a r is in g  from  charge c o lla p s e  as in d ic a te d  in  F ig .6 6 .
... -- - ‘ i. 154
Pure shear i s  n o t produced by any o f th e  systems
in d ic a te d  in  F ig s .72 (b ) t o ' ( e ) ,  which are in te n d e d  to  serve
as a s im p le  b a s is  f o r  com parison ra th e r  than, as an a ccu ra te
means o f measurement.
Double shear o f  te s t  p iece- C, shown in  F ig .72 (b ) , i n i t i a t e
f a i lu r e  when the  shear s tre s s  on one o f th e  shear p lahes reaches
th e  in te r la m in a r  shear -s tre n g th  pT fapU5 the  f a i lu r e  mechanism
th e re a fte r ,d e v e lo p s  in to  a com b ina tion  o f  c ru sh in g  and te n s i le
f ib r e  f a i l u r e ,  however., so th a t  the  f i n a l  shear s tre n g th  i s
h ig h e r  than  f t  and has l i t t l e  r e a l s ig n if ic a n c e .
The s in g le  shear system o f.7 2 (c )  g iv e s  a ra th e r  more
a ccu ra te  e s tim a te  o f f r  • , b u t becomes le s s  dependable, whenr  npu
th e  la m in a tio n  p lanes are n o t t r u l y  p la n e ; th e  va lue  o b ta in e d
is  th e re fo re  a f fe c te d  by waviness in  some o f the  specimens
A, and even more so by the  d ia g o n a l, f lo w  in  specimens C, which
were te s te d  w ith  the  lo a d  a p p lie d  p a r a l le l  to  the. a x is  o f the
p a re n t te s t  b a r .
I t  was found th a t  th e  double shear in  th e  la m in a tio n  p lane
re p re se n te d  by 72(d ) co u ld  be made to  g ive  a t ru e  double
shear f a i lu r e  i f  th e  specimens B were su b je c te d  to  s u ita b le
la t e r a l  c o n s t r a in t .
The s h o r t  beam te s t  o f  72 (e ) is  p o t e n t ia l ly  the  most
a ccu ra te  o f the  group f o r  th e  d e te rm in a tio n  o f X , b u tr  npu7
depends fo r. co n s is te n cy : upon a u n ifo rm ity  o f s t ru c tu re  which 
was n o t re a l is e d  in  the  specimens B which were te s te d .
'.■'The r e s u l ts  f o r  npU an(i  f°** f t  are c o lle c te d  in  
Tab les IV  and V re s p e c t iv e ly .
In  Table IV ,
In  Table V,
Xr  npu
Tr  <-ppu
« u lt im a te  sh e a rin g  s tre s s  f o r  shear 
a p p lie d  in  a p lane  norm al to  the  
p lane  o f la m in a t io n . ,
» u lt im a te , sh e a rin g  s tre s s  f o r  shear 
a p p lie d  in  th e  p lane o f la m in a t io n .
The q u a n t i ty  r TTnpU, i s  f re q u e n t ly  re fe r re d  to  as the
In te r la m in a r  Shear S tre n g th  f o r  
la m ina te d  m ou ld ings.
TABLE IV -  I  ft TERLAMINAR SHEAR STRENGTH OF RANDOM FIBRE 
LAMINATE.
Specim en:- TT'r  u npu S pecim en:- . 'X•p '•'rvrm
R o . Type. T e s t .
l b f / i n 2
No. Type T e s t .
( F ig . 72) ( F ig .72) l b f / i n
• 1. • .. o (b ) 7 870 21 G (c ) 7- 550
2 8 780 22 7 330
3 9 250 23 4 480
4 8 170 24 1 830
5 10 000 25 3 870
6 8 170 .. 26 2 040
7 . 7 720 27 . 6 310
8 8 780 28 21 440
9 7 570 29 , 5 700 ■ ■
10 8 020 30 6 920
• 11 A; ( ° ) 4- 580 31 B (<£) 2 230
12 2 980 32 4 000 : .
13 »' 3 980 33' 3 550
14 1 590 34 2 460,
15 2 190 35 2 000 . ;
16 1 390 36 2
oCBCO
1? * ' 1 590 37 3 630
18 3 580 38 2 410
19 4 380 39 (damaged) (970)
20 > • 1 790 40 2 410.
Test 0 (b ) ■ A•- (c ) G (c ) B (4 )
No. o f R e s u lts . . 10 10 10 . <9
Maximum Value 10 000 4 580 7 850 4 000
Minimum Value 7 720 1 390 1 830 2 000
Mean Value 8 430 2 800 4870 2 840
C °p 9‘ 44 45 25
TABLE; V. IN-PLANE SHEaR STRENGTH OF. RANDOM FIBRE LAMINATE,
Speci men: - r  L ppu • •
No. Type. Test • lb  i / . i n 2
(F ig .? 2 )
Et (cl) 10 300
2 11 600 No. o f re a d in g s 10
11 200 Maximum Value 11 600✓
4 9 900 Minimum Value 9 600
5 • 99 600
Mean Value 1° 300
6 1 *. 10 600 0 $ 6
7 10 200 ■ '
8 10 000
i 9 9 ■ 900. - ■ ’■
10 9 800
1.57
1 6 .1 .5 -  F a tig u e  T e s t in g .  I  •;
, . " ' The fa t ig u e  p ro p e r t ie s ,  o f  th e  random
f ib r e  la m in a te  were n o t In v e s t ig a te d  in  d e p th , as i t  w a s , fe l t  
th a t  t h is  would be to o  wide a f i e l d  to  cove r adequate ly., as..a 
s u b s id ia ry  phase o f  a g e n e ra l programme. F a tig u e  te s t in g  was 
th e re fo re  c o n fin e d  to  a b r i e f  programme1u s in g  re pe a ted  fo u r -  
p o in t  bend ing o f the  specimen o f  F ig . 66, m o n ito r in g  .the . 
c e n t r a l  d e f le c t io n  d u r in g  each te s t  so th a t  an assessment 
c o u ld .b e  made o f  th e  ra te  o f damage. The p r in c ip le  o f  th e  t e s t  
i s  in d ic a te d  in  F ig . 73•
Fig.73. FATIGUE TESTING OF RANDOM FIBRE TEST BAR
Load ing  was th ro u g h  a h y d ra u lic  ra in , re v e rs e d 'th ro u g h  a 
lo a d  c e l l  and se rvo  va lv e  and g iv in g  the  lo a d  c y c le  in d ic a te d  
i n  F ig *.73; P th u s  v a r ie d  between ze ro  and about 0 .2  to n f f -  w ith  
a c y c le  fre q u e n cy  o f  about 2 p e r second. The maximum c e n t r a l
"  1 56
d e f le c t io n  d u r in g  th e  c y c le  was reco rded  a t s u ita b le  in te r v a ls ;  
be in g  measured over a 1 2 -in c h  span, t h is  in c lu d e d  n o n -p a ra l le l  
beam segments and co u ld  n o t th e re fo re  be r e a d i ly  r e la te d  to  a 
s p e c if ic  ra d iu s  o f c u rv a tu re .
I f ,  s p e c i f ic a l ly  f o r  th e  te s t  system and lo a d in g  geom etry 
o f  t h is  programme, a la t e r a l  s t i f f n e s s  k  i s  d e fin e d  b y : -
k  = P /A , (2 5 1 )
'6 '
A
where P = maximum va lu e  o f P d u r in g .c y c le  
y  = maximum v a lu e  o f cT d u r in g  c y c le ,
k is  found to  decrease w ith  number o f cycle 's  in  the  form  in d ic a te  
in  P ig .74.
Fig.74. STIFFNESS LOSS DUE TO FATIGUE IN 
RANDOM FIBRE TEST BAR.
Only 16 specimens co u ld  be te s te d  c o m p le te ly , due to  
th e . l im i te d  tim e  a v a ila b le  f o r  the  programme, and th e  r e s u l ts  
f o r  these te s t  ba rs  are summarised in  Tab le  V I ,  in  w hich
A
P = peak lo a d  d u r in g  c y c le ,
« number o f c y c le s  to  f a i l u r e .
Lk « t o t a l  lo s s  o f s t i f f n e s s  (as d e fin e d  by 
e q u a tio n  2J1) d u r in g  t e s t .
TABLE V I.  BENDING FATIGUE OF RANDOM-FIBRE TEST BARS.
Specimen 
No.
.... A
P
l b f .
Nr Lk
$
Specimen
No.
A
2
l b f .
Nf Lk
$
1 328 8 000 20 9 515 26 057 25
2 515 1 115 8 10 291 2 745 17
5 576 289 15 11 291 5 552 12
4 286 2 800 19 12 243 82 800 22
5 515 8 316 22 15 515 3 613 18
6 279 2 900 27 14 515 448 14
7 26 7 1 125 24 15 515 2 244 12
8 515 55 759 14 16 505 39 191 17
The lo s s  o f  s t i f f n e s s  k  is  p lo t te d  a g a in s t l i f e  f o r  each 
o f the  te s t  b a rs  in  F ig .75» in  which i t  w i l l  be seen th a t  f o r  
ease o f p re s e n ta t io n  the  s t i f f n e s s  zero  has been suppressed 
and th e  number o f c y c le s  has been o f fe re d  as percen tage o f 
t o t a l  c yc le s  to  f a i l u r e .
F u r th e r  p ro ce ss in g  o f  these  r e s u l ts  w i l l  be d e fe rre d  to  
th e  a p p ro p r ia te  d is c u s s io n  s e c t io n .
1 6 .1 .6 .  Creep T e s t in g .
No te s t  programme has been s e t up 
f o r  the  s p e c if ic  purpose o f in v e s t ig a t in g  the  creep b a h a v io u r 
o f  any o f the  com posite  form s d iscussed  h e re , b u t te s ts  v/ere 
c a r r ie d  out in  su s ta in e d  pure bend ing to  f in d  out how  much, 
i f  any, o f  th e  d e f le c t io n  which developed d u r in g  repea ted  
lo a d in g  in  the  fa t ig u e  te s t  c o u ld  be a t t r ib u te d  to  s t a t ic  
c re e p . The p ro p o r t io n  o f th e  t o t a l  d e f le c t io n  a r is in g  from  
creep was in  f a c t  found to  be n e g l ig ib le .
The creep t e s t  was c a r r ie d  ou t by s t a t ic  lo a d in g  o f the  
s ta nd a rd  te s t  b a r in  a r i g  id e n t ic a l  in  p r in c ip le  to  th a t  
in d ic a te d  in  F ig . 75? and The c e n t ra l d e f le c t i io n  was measured 
in  the  same way. F ig .76 shows th e  graphs o f creep d e f le c t io n  
a g a in s t lo g  tim e  f o r  co n s ta n t c e n t ra l loads o f 100, 200 and 
300 l b f  r e s p e c t iv e ly ;  th e  cu rves are somewhat u n s a t is fa c to r y , 
due to  a f a u l t y  d ia l  gauge and to  in te r fe re n c e  th ro u g h  o th e r 
work be ing  c a r r ie d  ou t c lo se  to  the  r i g .  There appears a ls o  
to  be a c c e le ra te d  creep d u r in g  the  day, due p o s s ib ly  to  
tem pera tu re  v a r ia t io n .
8
0
0
1 6 0
Fig.75.'STIFFNESS'LOSS IN RANDOM FIBRE TEST BARS UNDER 
REPEATED LOADING IN PURE BENDING.

16 .1 *7 * C o e f f ic ie n t  o f  L in e a r E xpansion.
Approxim ate measurements o f  
c o e f f ic ie n ts  o f l in e a r  expansion were made by h e a tin g  sm a ll 
t e s t  b a rs , a p p ro x im a te ly  3 in- lo n g  and 0 .2  by 0 .5  in *  in  
c ross  s e c t io n ,  to  about 180°6 and p lo t t in g  c o n tra c t io n  curves 
'• as th e  ba rs  coo led  in  a lagged box as in d ic a te d  in  P ig .77*
dial gauge 
thermometer/ v \ ,
1 6 2
MEASUREMENTOF 
LINEAR EXPANSION.
To m in im ise  th e  ra te  o f 
c o o lin g ,  the  specim en, box and 
su rfa c e  p la te  were heated up 
to g e th e r .  The necessary c o r re c t io n  
due to  h e a tin g  o f  th e  d ia l  gauge 
and s tand  was found by u s in g  a 
s te e l specimen w ith  a known 
c o e f f ic ie n t  o f  expans ion .
Three ra n d o m -fib re  specim ens, te s te d  in  t h is  way, gave 
va lu es  f o r  expansion in  the  p lane  o f la m in a tio n  o f
ro ip = 3 5 .6  x  10~6 , 21 .5  x  10-6  and 2 0 .5  x  10_6/° C .
1 6 .2 . T ests  on P a r a l le l  P ib re  Specimens.
P a r a l le l  f ib r e  ba rs  were made up 
in  th e  form  o f P ig .6 7 ( f ) *  be ing  sawn from  s la b s  as in  
P ig .67 (d ) and ( e ) . Bars were made up w ith  th e  f ib r e s  a t ang les 
o f  0 , 22-J, 45* & 7 i arid 90° re s p e c t iv e ly  to  the  bar a x is ,  and 
were te s te d  i n : -
(a ) a x ia l  te n s io n
(b ) shear (0 and 90° o n ly )
and f o r  (c )  c o e f f ic ie n t  o f  l in e a r  expans ion . (0 °  and 90° o n ly
1 6 .2 .1 . A x ia l T e n s ile  T e s ts .
These were c a r r ie d  o u t, f o r  a l l  
specim ens, in  a Denison machine a t a c o n s ta n t s t r a in  ra te  o f 
about 0 .1  in /m in .  S t ra in  was measured by L in d le y  extensom eter 
on a 1 - in c h  gauge le n g th .
asbestos 
blocks
SPECIMEN-
surface
plate
Fig.77
The s t r e s s - s t r a in  cu rves f o r  th e  f iv e  groups o f 
t e s t  bars are c o lle c te d  in  F ig s .  78 to  82 , and the  a sso c ia te d  
va lue s  o f modulus o f e la s t i c i t y  ( ta n g e n t v a lu e ) and u lt im a te  
tensiD.e s tre n g th  in  ta b le s  V I I  to  X I .
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TENSILE STRAIN x 1 0 ‘ 4
Fig.78. TENSILE STRESS-STRAIN CURVES FOR"PARALLEL 
FIBRE TEST BARS. 9=0°
Of the  f i f t e e n  ba rs  moulded f o r  9 = 0 ° ,  Nos. 1 , 2 and 3 
were moulded s e p a ra te ly  as typ e  (c )  in  F ig . 67? and th e  rem a inder 
w e re  o f  ty£>e ( f )  , sawn from  s la b  (d ) . No. 3 f a i le d  a t th e  
change in  s e c t io n  due to  damage d u r in g  m ou ld ing , and i t s  
s tre n g th  has n o t th e re fo re  been in c lu d e d  in  assessments o f 
average va lu e  and c o e f f ic ie n t  o f  v a r ia t io n  in  Table V I I .
In  Tables V II"  to"XL.» = modulus o f e l a s t i c i t y  in  te n s io n , based
on a ta n g e n t to  th e  s t r e s s - s t r a in  curve  
a t the  o r ig in ,  and 
d  = u lt im a te  te n s i le  s tre n g th .
TABLE V I I .  STRENGTH AND STIFFNESS OF PARALLEL-FIBRE TEST BARS 
IN  PURE TENSION: 0 = 0 ° .
16
*
Modulus- o f e la s t i c i t y  Ea :«
'6Maximum Value 3*46 x  10 
Minimum Value 2 .12  x  10b 
Mean Value 2 .63  x  106 
C o e f f ic ie n t  o f
V a r ia t io n  C 18*0%
T e n s ile  s tre n g th  <3A(*  : ~ 
Maximum Value 26 400 
Minimum Value 15 400 
Mean Value 21 200 
C o e f f ic ie n t  o f
V a r ia t io n  C 16 .3$
The s u f f i x  'a 1 in  t h is  c o n te x t r e fe r s  to  lo a d in g  
p a r a l le l  to  the  f ib r e  axes. In  the  o b liq u e  lo a d in g  ta b le s  and 
cu rves which fo l lo w ,  the  s u f f i x  1 x 1 i s  used to  denote lo a d in g  
a long  the  a x is  o f the  te s t  b a r i t s e l f ,  which is  taken  as the  
x  d ir e c t io n  and is  - in c lin e d  a t  an angle  0 to  the  f ib r e  axes.
For the  s p e c ia l case where 9 ~ 9 0 °  th e  s u f f i x  ’ t f i s  used 
to  in d ic a te  tra n s v e rs e  lo a d in g , and n o t ,  as in  the  random 
f ib r e  te s ts ,  to  in d ic a te  te n s io n  as opposed to  com pression .
The above s u b s c r ip ts  are seen to  eorrespond w ith  those  
used in  th e  e a r l ie r  th e o r e t ic a l  a n a ly s is .
Specimen No. E^
l b f / i n 2
C\J
i \rH
1 3 .38  x  106 22 550
2 3 .46  x 106 21 200
3 2 .54  x  106 (5  980)
4 2 .12  x  106 26 300
5 2 .12  x  106 26 400
6 2.40 x 106 21 300
7 2 .86  x 106 17 150
8 2.90 x  106 15 400
9 3 .44  x  106 18 330
10 2 .60  x  106 17 900
11 2.60 x  106 18 800
12 2 .37  x  106 23 900
13 2 .23  x  106 23 900
14 2 .25  x  106 24 300
15 2 .2 5  x  106 22 800
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Fig.79. TENSILE STRESS-STRAIN CURVES FOR PARALLEL 
FIBRE TEST BARS. 6=22-5°
A l l  n in e  b a rs  moulded f o r  0 = 22-J° were o f typ e  ( f ) ,  from  
s la b  ( d ) , in  F ig . 67*
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TABLE V I I I .  STRENGTH AND STIFFNESS OF PAEALLEL-FIBRE 
TEST BARS IN  PURE TENSION: © = 22-J°
Modulus o f e l a s t i c i t y  Ex : -  
Maximum Value 2 .30  x  10b 
Minimum Value 1 .22  x  10b 
Average Value. 1 .65  x  10b 
C o e f f ic ie n t  o f
va lua tion  G 18 .3$
T e n s ile  s tre n g th  (3XW .: -  
Maximum Value 7 990
Minimum' Value 3 110
Average Value 5 220
C o e f f ic ie n t  o f
v a r ia t io n  C 37*2$
One o f th e  th re e  te s t  s la b s  m o u ld e d .(F ig .6 7 (d ))  f o r  
© « 1-5° was damaged in  m ou ld ing , and o n ly  one te s t  b a r (N o.1) 
c o u ld  be made from  i t ;  o n ly  seven specimens were th e re fo re  
te s te d  a t t h is  o r ie n ta t io n .
TABLE IX . STRENGTH AND STIFFNESS OF PARALLEL-FIBRE 
TE§T BARS IK  PURE TENSION: © = 45°
Specimen 
K o •
E*
l b f / i n 2 lb f / in " "
1 1 .8 0 x x .1 0 6 5 410
2 1 .22  x  10b 3 180
3 a . 53 x  106 3 110
4 1 .40 x  106 3 950
5 1 .75  x  106 . 7 130
6 1.70 x 106 7 990
7 1 .55  x  106 3 200
8 1 .62  x  106 7 300
9 2 .30  x  106 5 700
Specimen
No.
I L'x; 
l b f / i n 2 l b f / i n
1 1 .15  x  106 1(540)
2 1 .43  x 106 1 660
3 1 .0 6  x  106 1 060
4 1 .10  x  106 3 530
5 1.00 x  106 645
6 0 .9 5  x  106 1 400
7 0 .90  x  106 1 620
Modulus o f e la s t i c i t y  E. : <
f-'iMaximum Value 1 .43  x  10 
Minimum Value 0 .90  x 10b 
Mean Value 1108 x  10b 
C o e f f ic ie n t  o f
v a r ia t io n  C 17$
T e n s ile  S tre n g th  d xw>. : -  
Haximum Value 3 550 
Minimum Value 540 
Mean Value 1 490 
C o e f f ic ie n t  o f v a r ia t io n  
C 67$
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Fig.80. TENSILE STRESS-STRAIN CURVES FOR PARALLEL 
FIBRE TEST BARS. 0  = 45°
Fig.81.TENSILE STRESS-STRAIN CURVES FOR PARALLEL 
FIBRE TEST BARS. 0 =67-5°
I t  can be seen th a t  in  t h is  case the  cu rves f a l l  in t o  
two g roups, depending on the developm ent and lo c a t io n  o f 
f a i l u r e .  T h is  tends to  in v a l id a te  the  method o f ta b u la t io n  
used in  p re v io u s  se ts  o f r e s u l t s ,  b u t f o r  th e  p re se n t the  
above c h a r a c te r is t ic s  w i l l  be summarised in  the  same way f o r  
th e  sake o f  g e n e ra l c o n t in u i t y  o f tre a tm e n t.
TABLE X. STRENGTH AND STIFFNESS OF PARALLEL-FIBRE
Specimen
No.
i. E* 
l b f / i n 2 l b f / i n
Modulus o f e la s t i c i t y  E 
Maximum Value 1 .62  x  10
1 1 .20  x 106 830 Minimum Value 0 .09  x  10^
2 0 .8 5  x 106 1 220 Mean Value 0 .71 x 10^
3 1 .62  x 106 2 140 C o e f f ic ie n t  o f .
4 0 .11 x  106 380 V a r ia t io n  0 95$
5 0 .0 9  x  106 310 T e n s ile  S tre n g th  o xUy -
6 0 .2 4  x  10° 420 Maximum Value 2 140
7 -  - 750 Minimum Value 310
8 0 .0 9  X 106 540 Mean Value 790
9 1.50 x  106 540 C o e f f ic ie n t  o f
Variation 0 73$
10 15 2
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TENSILE STRAIN x 10"4
Fig. 8 2 . TENSILE STRESS-STRAIN CURVE'S FOR 
PARALLEL FIBRE TEST BARS. © =90°
Of th e  tw e lve  specimens te s te d  in  t h is  g roup , th e  f i r s t  
th re e  were c u t from  s la b  type  (d ) in  F ig . 67? snd the  rem a in in g  
n in e  from  s la b  type  ( e ) .
TABLE XI..- STRENGTH AND STIFFNESS OF PARALLEL-FIBRE TEST 
BARS IN  PURE TENSION. 9 = 9 0 °.
Specimen 
Isi o . Etl b f / i n 2 1 l b f / i n
1 1.00 x 106 620
2 1.-55 x  106 2 100
3 1.40 x 106 390
4 1 .1 4  x  106 1 160
5 1 .06  x  10b 1 710
6 1.20 x 106 1 520
7 0 .5 3  x  106 640
8 0 .8 6  x  106 1 130
9 1 .17  x  106 1 190
10 0 .8 5  x 106 580
11 1 .14  x 106 950 |
12 0.71 x  106 520
Modulus o f e la s t i c i t y  E , : 
Maximum Value 1*55 x  10 
Minimum Value 0 .5 3  x  10b 
Mean Value 1 .05  x 10° 
C o e f f ic ie n t  o f  V a r ia t io n  
C 27$
T e n s ile  S tre n g th  <>^u : 
Maximum Value 2 100 
Minimum Value ",'v 390 
Me&n Value 1 040 
C o e f f ic ie n t  o f  V a r ia t io n  
0 50$
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1 6 .2 .2 *  Shear T e s ts .
Two se ts  o f shear te s ts  were c a r r ie d
o u t,  bo th  by the  s in g le -s h e a r  method in d ic a te d  in  F ig .7 2 ( c ) .
The f i r s t  group o f te s t  b lo ck s  was loaded p a r a l le l  w ith  the
f ib r e  axes, as in  F ig .8 3 (a )?  and the  second group across the,
axes as in  8 3 (b ) .
The te s t  b lo cks  were c u t from  te n s i le  specimens as used
in  the  te s ts  d e sc rib e d  in  the  p rece d in g  s e c t io n ,  and th e  lo a d2was a p p lie d  over a shear face  area o f about 0 .5  To 0 .6  in .
Of the  fo u r te e n  specimens te s te d  in  the  f i r s t  g roup , Nos. 1 
to  7 had a lum in ium  pads bonded to  the o u te r  fa c e s , and the  o th e r 
had n o t;  any improvement in  sh e a rin g  s tre s s  d is t r ib u t io n  due 
to  the  pads was lo s t  in  the  o v e ra l l  s c a t te r  o f the  r e s u l t s ,  so 
the  two types have no t been separa ted  in  the  o v e ra l l  assessment - 
i n  Table X I I .
A l l  the  b lo c k s  o f the  second group were re in fo rc e d  w ith  
th e  a lum in ium  pads in  o rd e r to  p re ve n t la t e r a l  c o lla p s e  under
a
\JL
- O ’
n
pads
i apu
Fig.83. PARALLEL FIBRE SHEAR TESTS: SYSTEM 
ORIENTATION
The te s ts  re p re se n te d  by F ig .83 (a ) and (b ) o f f e r  va lu e s
b u t i t  was no t found conve n ien t to  make
o f
f o r  0 a nu and 0 npu ’ 
shear b lo cks  o f s u ita b le  d im ensions to  p e rm it assessment
^ a p u  a b lo c k  T e s t; t h is  was th e re fo re  es tim ated ' by means o f 
a 3 ~ P ° in t bending te s t  as in d ic a te d  in  F ig . 83 (c )  . For t h is  
t e s t ,  two groups o f s h o rt beams were aga in  te s te d , one from  
a good h ig h -d e n s ity  m ou ld ing , and one from  a ' f a i l e d 1 m ould ing 
showing a h ig h  degree o f p n ro s ity  and hav ing  a d e n s ity  o f o n ly  
about 0 .9  o f th a t  o f th e  f i r s t  s la b . T h is  p e rm itte d  an
i l l u s t r a t i o n  o f th e  e f fe c ts  o f h ig h  p o B o s ity  on shear s t re n g th .
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TABLE X I I • SHEAR STE
Specimen
No. TT arm 
l b f / i n 2
1 2 940
2 2 240
3 1 110
4 3 120
5 2 270
6 2 180
7 1 310
8 1 250
9 2 120
10 2 580
11 2 480
12 2 410
13 2 870
14 1 250
TABLE X I I I . SHEAR ST
Specimen
No. 7C Tlpu
l b f / i n 2
1 2: ;ieo
2 1 280
3 1 730
4 1 470
5 1 580
6 1 420
7 1 540
8 1 330
9 2 000
10 1 780
11 1 330
12 1 020
anu o f PARALLEL FIBRE BLOCKS.
Maximum va lue  3 120 l b f / i n "  
Minimum va lu e  1 110 lb f / i n "  
Mean va lue  2 170 l b f / i n "  
C o e f f ic ie n t  o f  V a r ia t io n  C 31$
\  rtpu o f PARALLEL FIBRE BLOCKS.
Maximum va lu e  2 160 lb f / in '" '
p
Minimum va lu e  1 020 l b f / i n
p
Mean va lu e  1 570 l b f / i n  
C o e f f ic ie n t  o f V a r ia t io n .0 22$
TABLE X IV . SHEAR STRENGTH T apu o f PARALLEL FIBRE BEAMS 
(Good M ould ings)
Specimen
No.
X
aFu P
l b f / i n
1 5 100
2 4 660
3 4 230
44 4 740
5 4 740
6 5 990
7 5 990
8 5 530
9 5 810
10 5 250
11 4 690
12 4 150
13 4 790
p
Maximum va lu e  5 990 l b f / i n
p
Minimum va lu e  4 150 l b f / i n p
mean va lue  5 050 l b f / i n  
C o e f f ic ie n t  o f  v a r ia t io n  G 13$
TABLE XV. SHEAR STRENGTH O' o f  PARALLEL FIBRE BEAMS.^aau
(Bad M ould ings)
Specimen
No. V a p u
l b f / i n
1 2 580
. 2 2 760
3 2 950
4 2 490
5 2 670
6 2 760
7 2 580
8 3 040
9 2 760
10 3 280
11 3 060
12 3 900
13. 2 770
14 3 500
’  15 3 350
Maximum va lue  
Minimum va lue  
Mean va lue
3 900 l b f / i n  
2 490 l b f / i n 2 
2 960 l b f / i n 2
C o e f f ic ie n t  o f  v a r ia t io n  G 14$
1 6 .2 .3 . C o e f f ic ie n t  o f l in e a r  E xpansion.
Using the appara tus shown in  F ig .77? 
te s ts  were made on th re e  specimens each o f
(a ) a x ia l  f ib r e  m ou ld ings, (9 = 0 ° )  and
(b ) tra n s v e rs e  f ib r e  m o u ld ings , (© = 9 0 ° ) .
The va lu e s  found f o r  c o e f f ic ie n t  o f  l in e a r  expansion
'were r e s p e c t iv e ly : -
( a ) ^ 1 8 . 7 ,  1 8 .9 , 13 .6  x  10_6/° 0  
( b V t,7 3 .5 ,  8 2 ,0 , 98 .0  x  10~6/° 0
16 .3* Tests  on Crossed F ib re  Specimens.
In  t h is  c o n te x t,  a Crossed F ib re  , 
Specimen is  one in  which the  m ould ing  is  made up, as b e fo re , 
from  la y e rs  o f p a r a l le l - f ib r e  mat w ith  the  f ib r e  axes a l l  
in c l in e d  a t th e  same angle to  th e  lo a d  a x is ,  b u t w ith  a lte rn a te  
la y e rs  hav ing  t h e i r  axes in c l in e d  in  th e  o p p o s ite  sense so 
th a t  a x ia l  te n s io n  does no t in tro d u c e  any re s id u a l shear 
d is t o r t io n  in  th e  system .
The angles o f th e  f ib r e s  to  the  specimen a x is  in  the  
te s t  bars* f o r  t h is  s e r ie s  were re s p e c t iv e ly  22-J-, 45 and 6?-J0 *
In  a d d it io n ,  a s e r ie s  o f specimens u s in g  the  same ang les 
was moulded w ith  one. la y e r  o n ly  in c l in e d  in  the  o p p o s ite  sense 
to  the  rem a in ing  la s e rs ,  and te s te d  to  o f f e r  a b a s is  f o r  
com parison w ith  th e o r e t ic a l  a n a ly s is .
The crossed f ib r e  specimens re fe r re d  to  here must no t 
be confused w ith  th e  woven c lo th  bars fo r tw h ic h  th e  te s ts  are 
d e s c rib e d  la t e r ;  th e  p a r a l le l  f ib r e  la y e rs  in  th e  crossed 
f ib r e  system rem ain  in  la y e rs  separa ted  by a m a tr ix  f i lm ,  and 
are n o t in te rw o ve n .
Crossed f ib r e  specimens were te s te d
o n ly  in  a x ia l  te n s io n .
1 6 .3 *1 * A x ia l T e n s ile  T e s ts ; S ym m etrica l O r ie n ta t io n .
T h is  s e c t io n  re fe r s  to  te s ts  on 
the  ba rs  w ith  equa l numbers o f la s e rs  in c l in e d  in  the  two 
o p p o s ite  senses. A l l  te s ts  were c a r r ie d  out in  the  same way 
as f o r  the  p a r a l l e l - f ib r e  te s t  b a rs , (parag raph  1 6 .2 .1 . ) ;  the  
r e s u l t in g  s t r e s s - s t r a in  curves are c o lle c te d  in  F ig s .84 to  86 
arid the  s tre n g th  and s t i f f n e s s  va lu es  in  Tab les XST to  XVHE
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TENSILE STRAIN x 1 0 -4
Fig.84. STRESS-STRAIN CURVES FOR CROSSED FIBRE 
TEST BARS: 9=22-5°
TABLE SET. STRENGTH AND STIFFNESS OF CROSSED-FIBRE TEST 
BARS I i i  PURE SESSION. 9  = 2 2 -5 °
Modulus o f e l a s t i c i t y  Ev *. 
Maximum Value 2 .20  x  10 
Minimum Value 1 .83 x  10b 
Mean Value 2.01 x  10b 
C o e f f ic ie n t  o f V a r ia t io n  
C 5*9$ 
T e n s ile  s tre n g th  (p xu.: 
Maximum Value 20 650 
Minimum Value 6 690 
Mean Value 16 660 
C o e f f ic ie n t  o f  V a r ia t io n
C 33-5$
Specimen 
li o •
E.K
lb  f / ' i n 2
d  xa
l b f / i n 2
1 2.20 x  106 c.6; 690
2 1 .86  x  106 7 280
3 2 .0 4  x  106 18 000
4 2 .05  x  106 20 600
5 2.05 x  106 18 400
6 1.92 x 106 19 400
7 2 .10 x 106 20 300
8 1.83 x  106 18 650
9 2.00 x  106 20 650

TABLE XVH. STRENGTH AND. STIFFNESS, OF CRQSSEB-r FIBRE TEST 
BARS IN PURE TENSION. © « 45°
Specimen
No. ■ f al b f / i n l b f / i n 2
1 0.81 x  106 3 840
2 0 .90  x  106 4 000 ,
3 0 .9 9  x  106 4 900
4 0 .9 4  x 106 5 230
5 0 .9 3  x 106 6 150
6 0 .9 3  x 106 5 270
7 O.92 x  106 5 410
8 0 .99  x 106 5 950
. 9 0 .8 6  x  106 6 660
Modulus o f e l a s t i c i t y  Ex.: 
Maximum Value ' 0 .9 9  x 10* 
Minimum Value 0 .81 x 10* 
Mean Value 0 .9 2  x  10*
C o e f f ic ie n t  o f  V a r ia t io n
C
T e n s ile  S tre n g th  
Maximum Value 
Minimum Value 
Mean Value 
C o e f f ic ie n t  o f V a r ia t io n
c 17.7$
5.6$
t  :
6 660 
3 840 
5 270
In  the  fo l lo w in g  r e s u l ts  f o r  c ro s s e d - f ib re  te s t  ba rs  
in  which 0 = 67-J , i t  i s  aga in  seen th a t  two o r th re e  o f th e  
cu rves d e v ia te  s ig n i f i c a n t l y  from  the  r e s t ,  due to  f a i lu r e  
mechanism re la te d  to  t e s t  c o n d it io n s ;  the  r e s u l t s . w i l l  s t i l l ,  
however, be processed i n i t i a l l y  in  th e  s ta n d a rd  fo rm , and 
d is c re p a n c ie s  d iscussed  in  a la t e r  s e c t io n .
TABLE XVXET STRENGTH AND STIFFNESS OF CROSSED-FIBRE TEST 
BARS IN  PURE TENSION. © » 67£°
Specimen' 
No .
■ . E *  
l b f / i n 2 l b f / i n 2
1 1.22 X 106 2 370
2 1.20 X 106 3 080
3 1.20 X 106 3' )Q7 0
4 1 .08 X 106 1 900
5 0 .6 3 X 106 1 350
6 0 .7 8 X 106 1 010
7 1.21 x 106 2 050
8 1.29 X 106 2 380
9 0 .88 X 106 1 480
Modulus o f  e la s t i c i t y  E^;:
Maximum Value 1 .29 x  10b 
. . a.
Minimum Value 0 .6 3  x 10
i .MeanVValue 1 .05  x  10b
C o e f f ic ie n t  o f  V a r ia t io n
C . 2 1 .4 $ C
T e n s ile  S tre n g th  (*>,
Maximum Value
Minimum Value 1 010
Mean Value 2 340
C o e f f ic ie n t  o f  V a r ia t io n
c 33. 2$
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TENSILE STRAIN x10"4
Fig.86 . STRESS-STRAIN CURVES FOR CROSSED FIBRE 
TEST BARS: © = 67-5°
1 6 .3 *2 . A x ia l T e n s ile  T e s ts : B iased O r ie n ta t io n .
Fo r the  te s t  ba rs  in  t h is  case, 
one o f : the  te n  la y e rs  in  each m ould ing was la id  w ith  i t s  
in c l in a t io n  opposed to  th a t  o f the  re m a in in g  n in e , th e  ang le  
9 in  a l l  cases b e in g  22-g-0 .
The r e s u l ts  f o r  th e  s ix  specimens o f  t h is  type, which 
were te s te d  are summarised in  F ig .87 and Table XiXi .
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TABLE ■; SIREN GTE '-AND- STIFFNESS .OF BIASED: :C y OSSEDAFIBRS 
TEST BARS INPURE. TENSION.' 90$ B lAS :r(© /;$ :22;5P'
Modulus o f  e la s t ic i t y ;  E3 : \ ,7
Specimen
No.
£.7 /¥% d '/ i
l b f / i n 2
A n  . .*
; l b f / i n '
. :. i :;:v *'V
- 3^.4':=
- #  M'/h
' 5 " I  -
7'6
2.10  x  10*  
2.50 x  106
2 .07.x  10°
2.10  x, 106: 
1.70  x  106 :
2 .14  x l b 6
5 240 -
6 690
7 260. > 
7; 9407 /
8- 17O A
8 220/H ;;
Maximum V a lu e :2 .50 x  10r'.s ‘.-V j ■/".
Minimum Value 1.70 x  10; ' ■' - v / AG * •  4 :
Me an , Value . 32 vIO ; .x ; 10
C o e f f ic ie n t  o f  V a r ia t io n
; 7 -• 7:‘- C : 12 .1$
/T ens ile  s tre n g th  ; •'
Maximum Value.
Minimum Value 3 240 3 /. 4  • 3;
Mean Value . 6 930 4 .
.C o e f f ic ie n t  o f V a id a tio n  77.
• Q: ; 27 .4$  :■/
8 220
1 6 .4 . Tests  on C lo th  Specimens. 7 f  7;;.
. '7: ' The p ro p e r t ie s  o f mouldings/, from  .
im pregnated c lo th :  were th o u g h t to  be o f le s s  im portance than  
those  of- the  o th e r s t ru c tu re s ,  and t h is  m a te r ia l was th e re fo re  
su b je c te d  o n ly  to  l im i te d  te s t in g .  'A y  . 7=3 73;'
Three specimens w ith  one f ib r e  axisnpara lle .X d i.o rbhetbar;axis 
were te s te d  in  te n s io n  and f o r  the rm a l expans ion , and th re e  
W ith  f ib r e  axes a t 4 5 °  to  the  b a r a x is  were te s te d , in  te n s io n -7.: 
o n ly  . The bars were c u t from  s la b  type  . (d ) in  F ig .67 * . :v\ v 333 
16 .4*1  • A x ia l T e n s ile  T e s ts . .y
'. / The r e s u l ts  f  o r a l l  /s ix / te s t  ba rs  * '
a re  p lo t te d  i n 'F i g . 88 and summarised i n ; Table .
TABLE ' iK iX . v STRENGTH AND STIFFNESS OF CLOTH (TEST BARS IN 
' 3- L  PURE TENSION. '
Specimen
No.
i 'o .y \E *
, p
l b f / i n
^  XU- p
l b f / i n
2 .03 X 106: 13 200 ]© = 0 and 90°
2 ' 1 .89 k 106s~ ' 12 450 > Average E =X 1.85 Xr 10 + ■
.3' 1 .62 X 106 13 970 ) Average 7 - 1 3 200 ; ;f
4 1 .54 X 10 6 13 340 19 = 45 and 45
5 .7 1.40 x 106 10 860 > ' s Average /Ef - 1 .46 x 106
e =; 1 .44 X 106 12 950 J Average, = . 12 360 .
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' ■ / /  TENSILE STRAIN x 10"4
Fig.88. STRESS-STRAIN CURVES FOR CLOTH T E S T /B A R S .
•',; ,0 /1 6 .4 .2 . Therm al Expansion Tests;. ■ - h
T ests  on th re e  specimens with fibres 
at. 0 and 90° ' t o  th e  a x is ,  c a r r ie d  out... as in  F ig .7 7 , gave /v a lu e s  • 
f o r  the  c o e f f ic ie n t  o f  l in e a r  expansion o f : -
e t c  -  1 4 .4 , 8 .6 ,  12 .9  X 10-6 /°C  .
. f o r  tem pera tu res  up to  about 80 C; a t h ig h e r  . temperathrbp the *. 
c o e f f ic ie n t  a p p a re n tly  becomes n e g a tive  and (U n s tab le , re v e r t in g ' 
to  a p o s it iv e , va lu e  at'som e .'tem pera ture  -h ig h e r than  about I'doYo.
16 .5 * T ests  on M a tr ix  Specimens.
T e s t bars o f f i l l e d  p o ly e s te r  m a tr ix ,  
moulded in  th e  form s (b ) and (c )  o f P ig .67? were te s te d  in
(a ) a x ia l  te n s io n ,
(b ) th re e -p o in t  bend ing ,
(c )  shea r, c 
and f o r  (d ) c o e f f ic ie n t  o f  l in e a r  expans ion .
' ' '■ • . ' ■ ' '■ : 184
16*5*1 * A x ia l T e n s ile  T e s ts .
N ine teen  specimens were te s te d  i n ; 
te n s io n , and s t r e s s - s t r a in  cu rves were p lo t te d  fo r .n in e  o f 
them. The r e s u l ts  are summarised in  F ig .88 and Table XX5; in  
the  ta b le ,  the. f i r s t  th re e  specimens are o f  typ e  (b ) in  F ig .  
67? and the. re m a in in g  ones a r e . o f■ typ e  ( c ) , hav ing  a la r g e r  
c ro ss  s e c t io n .
TABLE XXI. STRENGTH AND STIFFNESS. OF FILLED MATRIX TEST, BARS 
IN  PURE TENSION.
Specimen 
K o .
E
l b f / i n 2 l b f / i n
1
»
3 200
2 3 090
3 3 570
4 . 4 140, ■
5 3 020
6 4 960
7 0 .87 X 106 3 890
8 0 .70 X 106 2 310
9 0 .85 X 106 3 720
10 3 570
11 3 770
12 4 640
13 2 960
14 0 .80 X 106 4 170
15 0 .84 X 106 2 730
16 0 .85 X . 106 4 050
17 0 .81 X •106 3 640
' 18 0 .91 X 106 3 020
19 0 .80 X 106 4 160
Modulus o f e l a s t i c i t y  E ^ :
Maximum Value 0 .91 x  10*
Minimum Value 0 .7 0  x  10
Mean Value 0 .8 3  x  10*
C o e f f ic ie n t  o f V a r ia t io n
r0.r,V:7'.l%
T e n s ile  S tre n g th  d° mix.
Maximum Value 4 960
Minimum Value 2 310
Mean Value 3 620
C o e f f ic ie n t  o f V a r ia t io n  
G 18 .6$
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■l£.5:i2-' T h re e r-P o in tB e n d in g  T e s ts . f a ' f a  fa  
fa'vW As a sm a ll a u x i l ia r y  t e s t , s h o r t  I .
le n g th s  o f m a tr ix  ba r Were broken in  L h re e -p o in t bending, over 
a. span t f  1 .2  in .  in  a h o u n s f ie ld  Tensom eter. ./\The r e s u l ts  are 
g ive n  in  'T a b le  XX]!, in  which thfe“ b e n d i n g s £ *
fa u b ’ i s  c a lc u la te d  u s in g  l in e a r  bending th e o ry , and in -w h ic h  
b and d are the  breadth" and depth  re s p e c t iv e ly  o f the  s e c t io nA ■ -r ( • ‘ ‘ * 'fa * - ..fa ' ' • fa ’•«;.;$$} fa- -»4.
te s te d . P.. i s  th e  c e n t ra l lo a d  a t fa i lu re - .  - fa. I ; ‘ I .  /•
TABLE XX]EL BENDING S’.i’RENGTH OF F ILL !
Specimen 
, No.
b  f a .
V in  * in .
A
p - : 
I b f  •
^ u b  o 
l b f / i n
■v-.bt-N ;; 0 >210 0*367 ’73*0 4 650
' M2 0.210 0.341 106.0 7 820
0 .213 0.341 96 .5 7 010
4 0 .212 0.341 109*0 7 950
tz y ■ 0.212 0.341 90.0 6;560
' 6 4V; 0,211 01326 120.0 9 650
7 /..fa 0.211 0 .343 108.5 7 860 /
nmb *U lt im a te  bending s tre s s  
. .*■ Maximum Value 9 650 
Minimum. Value 4 650 
• Mean Value 7 360. „
C o e f f ic ie n t  o f V a r ia t io n  G 20.9$
1 6 .5 *3 - Shear T e s ts .
' b v : f i v ;  ' F la t  .m a trix , specim ens, each, n o m in a lly
1 in  wide and ,0.25 in  t h ic k ,  were te s te d  in  s in g le  shear as in  
F ig .7 2 ( c ) > the  a p p lie d  shear le a d  a c t in g  norm al to  the  lo n g e r 
.edge.: The average u lt im a te  she a ring  s tre s s e s  f o r  tw e tity n m a tr ix  
specimens so te s te d  afe-,Summarised in  Tab le  XXIII.
TABLE XXIII. SHEAR STRENGTH OF F IL j
Specimen 
: N o .
Or ■■/'■"■■■; rrtu P
l b f / i n  ...
Specimen
•No../; l b f / i n
;• . . •.
1 ..fa- 4/ 560 5 '; 11 ■ 3 420 U ltim a te  shear s tre n g th  Cfa• ■ ■ > ; V */-, fa rViU
f  2.: 4 730 12 2 990 . Maximum Value 5 450 fa. fa'
' f a  3- ' 4 750 13 4 440 Minimum Value 2 130 W
4 5, 270 ' ■> . 14 3 570 • Mean Value 4 280, -fag,
fa5 ■ - 4  960 ; •; 15 4 690 C o e f f ic ie n t  o f V a r ia t io n
■ fa  6 ■ 2 880 16 5 230 fa ' . / ‘;f ■V 21.2$fa ‘v fa
’ 7, fa ’.; 3-680 , '5 -1 7  /;■ 5 230 ■ fa .... '• ’V fafafafa ,fa‘. fafa-
. /fa8. ■ 4 010 fa E 18 5 450
2 130 fa fa  19 4 860.
fafalOfafa; 4 250 ; fa ’ 2 0 /P  .: 4 520:. -/•fa ’ -fa.fafa/fafafa ;. fa. X jQ . :.p  -
fafafafafa; faufafafa fa fa fa fa fa fa fa 5'*; * \ .•;5fa> t / / fa
.ED MATRIX SPECIMENS.;
1 6 .5 *4 * C o e f f ic ie n t  o f  ZExpansiony/" • ++.:
, • v,• . ..</ 4  :■'©. ++ //. Three specimens , te s te d ..a s h in  'F ig .77? ]
gave va lues f o r  the  c o e f f ic ie n t  o f  l in e a r  expansion o f
-©4 -  ,148 .4 , 10 8 ,0 , 98 .0  x  10-e / ° 0 .  /  v ■;+
:  Each specimen was te s te d  tv /ice  and o f fe re d  good agreement ] 
between the  two va lu e s  o b ta in e d . I t  was n o tic e d  th a t  the',, 
m a tr ix  so fte n e d  a p p re c ia b ly  above about 80°C , b u t t h is  d id  Z
no t: a f fe c t  th e  ’ l i n e a r i t y  o f . th e  :.coolihg graph to  an.+ e x te h t j
d e te c ta b le  w ith  the  ra th e r  crude ^apparatus be ing  used. , • /
-1 ' 184 
16'.6*. T ests  on Dough MouldlngVCojnpouhY;Test.+Bhrs4h/y'0"+’
/ ■ , + *1>W£ 4  ’
th e  form  shown' i n : F ig «66, co m p ris in g  s ix  ba rs  ; having: each o f '
the  f ib re /v o lu m e  co n te h ts  0 .1 4 . 0 .18  and 0 .2 2 .' Three .o f• each se t 
were te s te d  in  a x ia l  te n s io n , and the  o th e r./th re e ' in  f o u r - p o in t  1 
bend ing . 7 '. - - : \ / / 4 ; • ' ''
1 6 .6 .1 *  A x ia l T ens ile . T e s ts . - -77  ' . .• -,/•
T e n s ile  te s ts  were c a r r ie d  ou t i n  a 
Denison m achine, s t r a in in g ta t  about 0 .1  in /m in  and u s in g  a 
B ind ley , extemsometer on a 2 - in c h  gauge le n g th .  The r e s u l ts  are 
in d ic a te d  in  F ig . 90 and Table XXi:®--*-.
TABLE XXltE:.; STIFFNESS ZAND. STRENGTH OF DOUGHbMQULDiN;G0:GOHPOUND'
TEST BARS TN
Specimen 
N o .
F ib re
Volume
v^ l b f / i n 2
'URE' TENSION .■
df sii . 
l b f / i n 2
Average V a lues; l b f / i n £
d*.e,tsa-
1
2
3
4
5
6
7
8 
9
0 .1 4
0 .1 4
0 .1 4
0 .1 8  
0 .1 8  
0 .1 8
0.22
0.22
0.22
1.80 x 106 
2 .1 4  x 106 
1.72  ' x  '106
1 .42  x 106 
1 .58  x  106 
1 .60 x  106
1.7 1  x 106 
1 .45  x  106
3 380
3 070
2 590. 
2:730 
5 382
3 320 
3 740 
3 490
1 .89  x  106 3 380
1.53 x 10
1.57 x  10
1 6 .6 .2 .  Bending T e s ts .
Using the  same form  o f specimen 
as in  the  te n s i le  te s t s /  fo u r - p o in t  bending te s ts  were; / ’ 
c a r r ie d  out u s in g  the  lo a d in g  frame i l l u s t r a t e d  i n • F ig .91.* 
T h is  a p p lie d  pure bending over a c e n t ra l span of. 6 in ,/.a n d  
measured the  d e f le c t io n  a t the  c e n tre , o f the. same segment - 
r e la t iv e  to  i t s  ends. . - '■ - . :4  •: • '//. .' - .
- . I n  Table XXV/ ana F ig . 92 th e  te s t  r e s u l ts  have been© 7. 
p rocessed, using; a n a ly s is  based upon the  assum ption o fv l in e a r  
e la s t ic  b e h a v io u r, to  o f f e r  a fu r th e r  s e t o f s t r e s s - s t r a in  
cu rves and co rre sp o n d in g  va lu es  o f Er jand CsY. : 'j;  ' /  ' -

, +  12~Qin ^  _   _ J  ' 0 + 0  '
Fig.91; BE N DINGRIG POR(DOUGH MOULDING COMPOUND 
TEST BARS. ; - ' C++ '- '- 7 - 7 '+ ' +  7 /  ++■+
2ABLE XXY-. S2REHGTII AND STIFFNESS OF D0UG7 MOULDING COfiPOUfiD 
.C V E + i  V 2ES2 BARS IK  PURE BENDING. ' ■ .+9 A
Specimen
N o .: ..
F ib re
Volume
7':v'"v f-5
z... ,, •
vi j3in-
. ' / - I
l b f / i n 2. +
> , : , +;+ 
r^lsbn. Average V a lu es: l b f / i n '
l b f / i n 2 ;-;v+ M :+7 Z  drib'u.
•-'.+1 • ’ " + 6.14 0.0395 1.65  x  106 0:6+5900 >+ .■ ' \ Z r iX 7/0./. |
2 0.14+ 0.0504 2.25 x  10c 13 650 ” ( 2.10  x  100 lO /O lO
3 70 6 .1 4 0 .0317 2 .40  x  106 9 780 j +9 • • ■ ?' .00 1
4, ' : 0 .1 8  0 0.0354 1.-99 x  10^ 160060+: |  . 0 ' 0
K?- . 1
5 0 .1 8 ; 0.0301 ;1 0 7 1 x 10  + 9 100 \ l  .79 x  106 110.220 |
; e 0 .1 8  , 0.0332 1 . 6? x 106 8 500";' * *4' '• r ^
-■7 7 :;:;:' 0.22 0.0287' mm . b-*" ' 2 830:+; p + :;> + , 0.7
. ' ”4
8 0.0314 1 .96  x 10 + 11 (1 .69  x  +106- 70270
0 9 , 0 /2 2 , 0.0312 1 .41 xM O6 8 416+/ ) \ \ ■■++/'+• .1
M
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17* D iscu ss io n  o f  Test R e s u lts .
1 7 .1 . Form o f D is c u s s io n .
The te s t  methods and r e s u l ts  
summarised in  s e c tio n s  14, 15 and 16 w i l l  be examined in  
two s ta g e s : -
' (a)' E xam ina tion  o f • modes o f f a i lu r e  and assessment o f 
p rob a b le  average v a lu e s : ■ , =
(b ) Comparison o f average measured va lu e s  w ith  
th e o r e t ic a l  .figux*es.
In  p re s e n tin g  th e  te s t  r e s u l ts  in
th e  p reced in g  s e c t io n s ,  the  mean va lues  and c o e f f ic ie n ts ;  o f  7.f
v a r ia t io n  have been based in d is c r im in a te ly  upon a l l  the  
measured f ig u r e s , w ith o u t re g a rd  to  the  p o s s ib le  o cca s io n a l 
re a d in g s  which may be a ty p ic a l due to  n o n -re p re s e n ta tiv e  
fe a tu re s  in  th e  m ould ing  o r te s t in g  p rocesses . Be fo re  th e se , -*
mean va lu e s  can be used f o r  v a l id  com parison w ith  th e o ry  i t
i s  th e re fo re  necessary to  re -exam ine the  t e s t  f ig u re s  in  as 
much d e t a i l  as p o s s ib le  w ith  a v iew  to  d is c a rd in g  le g i t im a te ly  
a ty p ic a l  va lu e s  and a d ju s t in g  mean va lues  to  a more r e a l i s t i c  
f i g u r e .
T h is  e xa m ina tion  w i l l  f i r s t  be c a r r ie d  ou t f o r  a l l  th e  3 
r e s u l ts  which have been g iv e n , and the  a d ju s te d  f ig u re s  w i l l  
th e n  be summarised ready f o r  th e o r e t ic a l  assessm ent.
17 *2 . Tests  on Random; F ib re  M ould ings v.
1 7 *2 .1 . T e n s ile  T e s ts . (Tab le  I )
The te s ts  d e sc rib e d  here are n o t
th e  f i r s t  c a r r ie d  out on t h is  m a te r ia l in  co n n e c tio n  w ith  the
c u r re n t  re sea rch  programme; an e a r l ie r  s e r ie s ,  c a r r ie d  o u t /a t
2 '
U n iv e rs ity  C o lleg e  nondon in  1967, used random f ib r e  mat w ith
v a ry in g  degrees o f a d d it io n a l re in fo rc e m e n t. The moulded te s t
ba rs  used were u n s a t is fa c to r y ,  however, m a in ly  due to  damage
in c u r re d  in  rem oving them from  the  m ould, and to  the  r a th e r
sm a ll c ro s s -s e c t io n a l area used; in  one s e r ie s  o f n o m in a lly
id e n t ic a l  specimens th e  c o e f f ic ie n t  o f v a r ia t io n  was found to
be 27$* The p re se n t s e r ie s  o f te s ts  th e re fo re  used a redes igned
mould g iv in g  a la r g e r  te s t  b a r ,  as in d ic a te d  in  F ig .66, w ith
a d r a f t  angle f o r  easy e je c t io n ,  ana Table I. shows th a t  f o r
te n s i le  s tre n g th  th e  c o e f f ic ie n t  o f v a r ia t io n  was th e re b y
b roug h t down to  8$ . Due to  the  la rg e  te s t  ba r used and to t,th e
r e la t i v e l y  h ig h  number o f t e s t s ,  the mean va lu e s  from  Tab le  I
may be, accepted w ith o u t d is c a rd in g  any o f  the  re a d in g s ; none
o f  the  te s t  ba rs  were o b v io u s ly  f a u l t y .  7 / =
F ra c tu re s  d is p la y e d  ve ry  l i t t l e  exposed g la s s , su g g e s tin g
t h a t  the  random; ' f ib r e  arrangem ent i n h i b i t e d  p ro g re s s io n  o f 
th e  deb onding and s tra n d  ‘ d is  i n t  egr a t io n  w hich appeared sp’A
specim en. In te r la m in a ; 
f a i lu r e s  were’ e v id e n t,  however, in  re g io n s  a d ja ce n t to  th e  
f r a c tu r e ,  and in  some cases a tw o -s tage  f a i lu r e  was observed 
where two tra n sve rse , f a i lu r e s  were connected, by a p lane  o f 
in te r la m in a r  shear f a i lu r e  as shown in  F ig . 93*
exposed fibre length : < : ;.
0*2 in max
y >' t 189
fracture-
affected
length
0-5 inapprox shear plane length 0 7  In max.
'n o r m a l ' fa ilu r e TWO-STAGE FAILURE : H:v; ■
. TENSILE FAILURES IN RANDOM,FIBRE. TEST BARS;
In  the  l a t t e r  case the  extended shear f a i lu r e  p la ne  was 
seen to  c o in c id e  w ith  th e  c e n t ra l s l i p  p lane  where th e  upper 
h a l f  o f the  s ta c k  s l i d  over th e  lo w e r h a l f  d u r in g  m ou ld ing , as 
. in d ic a te d  in  F ig ;.66. T h is  v/ould suggest th a t  s l ip p in g  produces: 
a p lane  o f weakness, b u t as tw o -s tag e  f a i lu r e  occu rred  in '  
o n ly  s ix  o f th e  specimens t e s t e d , - and as th e  f r a c tu r e  loads 
in  t h is  group covered, the.sam e range as those  in v o lv in g  1 norm al 
f a i l u r e ,  no d e f in i t e  c o n c lu s io n  is  j u s t i f i e d . " ’ ~
Table I  shows a h ig h e r  c o e f f ic ie n t  o f v a r ia t io n / f o r  y  
^33  ^ than  f  oi'r (p£u ., 12$ a g a in s t 8$. T h is  co u ld  be p a r t i a l l y  
a t t r ib u te d  to  the  u n s a t is fa c to r y  o p e ra tio n  o f  the  extensom et.er, 
due to  which the  measurement o f s t r a in  was le s s  c o n s is te n t ly  
a ccu ra te  /than-.was th e  measurement o f a p p lie d  lo a d .
In  v iew  o f th e  number/ o f  specimens te s te d ,  however, i t  
seems reasonab le  to  accept as average; v a lu e s , from  Tab le  I ,
.6 ^ w , > 2,E lb f / in " " :  : Q. = 8$ 
,(3 t  -  9 700 l b f / i n 2 : 0 = 12&
t  = 1 .43  x 10
■r-ih/'-ii/' Ay?-+:y//=:/yy;yy-yyy,i;' ; y / ; ; y . /, ■ yY y ;
1 7 *2 .2 . Compression T e s ts . . (Tab le  I I )  ,
F a ilu re s  in  t h is  case were aga in  
c h a ra c te r is e d  by in te r la m in a r  s e p a ra tio n , here induced by 
i n i t i a l  ’b a r r e l l in g ’ o f th e  2 - in c h  te s t  ba r as shown in  Fig-. 94.-
Fig.94. COMPRESSIVE FAILURE IN 
RANDOM FIBRE TEST BAR.
The th re e  ske tches a t the  r i g h t . o f 
F ig .9 4  in d ic a te  in  s im p l i f ie d  form  the  mechanism o f f r a c tu r e ;  
i n i t i a l  ’ jo g g l in g 1 a t some weak p o in t  w ith in  th e  loaded body 
fo rc e s  a d ja ce n t la y e rs  a p a rt th ro u gh  in te r la m in a r  te n s io n ,  
and fu r th e r  la y e r  groups then  f a i l  e i th e r  under e c c e n tr ic  
com pression o r th ro u g h  th e  development o f fu r th e r  lo c a l  
k in k s  and s e p a ra t io n s .
In  p ra c t ic e  th e  th re e  i l l u s t r a t e d  s tages are te le sco p e d  
to g e th e r  so th a t  c o lla p s e  i s  a lm ost in s ta n ta n e o u s .
The lo a d  a t which c o lla p s e  occursd in  t h is  s e r ie s  o f - te s t s  
was p ro b a b ly  h ig h e r  tha n  th e  t ru e  va lu e  f o r  th e  s e c t io n  te s te d , 
because the  segment c u t from  the  te s t  b a r was s h o r t ;  t h is  
meant th a t  end c o n s t ra in t  c o u ld  a p p re c ia b ly  d e la y  the  
developm ent o f  f r a c tu r e ,  f r i c t i o n  a t the  lo a d in g  pads iea& ihgy t.o  
a v i r t u a l l y  b u i l t - i n  e f fe c t  a t the  upper and lo w e r ends.
I t  i s  a ls o  found th a t  the  modulus o f e la s t i c i t y  in  * 
com pression appears to  be lo w e r than  in  te n s io n , the  re s p e c tiv er~ p
mean va lu e s  be in g  1 .43  and 1 .30 x  10 l b f / i n f a  T h is  may be 
p a r t ly  due to  th e  le s s  e f fe c t iv e  d is p o s it io n  o f the  f ib r e s  
f o r  r e s is t in g  com pression , b u t co u ld  a ls o  a r is e  from  the  
ra th e r  m a ke sh ift n a tu re  o f th e  com pression te s t  method, these 
te s ts  be ing  in te n d e d  o n ly  f o r  secondary in fo rm a t io n .
fa ' fa ■ fafa : • ;,  > • /. • -fa-. " . v  ■ 191
w ith  lo n g e r te s t  ba rs  and more a ccu ra te  measurement, 
t y p ic a l  va lu e s  £ o r t Ec and m igh t become, s a y , /1 .4 0 -x 10 b 
and 20 000 l b f / i n 2 r e s p e c t iv e ly .  No th e o ry  has been developed 
in  t h is  tre a tm e n t, however, f o r  com parison w ith  com pression 
t e s t  v a lu e s . ■•_ '
17 *2.-3« O o m b in e d d A x ia ie S tre ss -S tra in  C urve.
F ig . 95» c o n s tru c te d  from  th e  lo a d -  
e x te n s io n  curves' re co rd ed  a u to g ra p h ic a lly  d u r in g  te n s i le  and 
com pressive te s ts ,  shows th e  mean s t r e s s - s t r a in  curve  from  b o th  
sets- o f c u rve s , to g e th e r  w ith  a p p ro x im a te ly  e q u iv a le n t fa, 
p a ra b o lic  c u rv e s . The l a t t e r  cu rve s , p o s tu la te d  in  o rd e r to  
■ fa c i l i t a te  a p r e d ic t io n  o f bend ing b e h a v io u r from  lin e a r ,  te s ts ,, 
a re  f i t t e d  th ro u g h  the  average y ie ld  and f a i lu r e  p o in ts ,-  and 
do n o t th e re fo re  g iv e  th e  c o r re c t  ta n g e n t modulus va lu e s  a t th e  
o r ig in .
1 7 *2 .4 . Pure Bending Tests.-
Table ' I I I '  summarises th e  s a l ie n t  
r e s u l ts  ta ke n  from  a s e r ie s  o f  a u to g ra p h ic  lo a d -d e f le e t io n  
c u rv e s ; an average curve  from  th e  same s e t o f p lo ts  has been 
processed to. g iv e  th e  average observed, s t i f f n e s s  curve  shown in  
F ig . 96, where a p p lie d  bend ing  moment i s  p lo t te d  a g a in s t th e  
c u rv a tu re  p roduced.
The d e r iv e d  bend ing s tre s s  a t f a i lu r e  in  Table I I I ,  and 
th e  p re d ic te d  s t i f f n e s s  cu rve  shown fo r 'c o m p a ris o n  w ith  th e  
observed /cu rve  in  F ig .  96, are bo th  o b ta in e d  by us ing ’ th e  
e q u iv a le n t p a ra b o lic  a x ia l  s t r e s s - s t r a in  cu rves quoted in  
F ig . 95? i : e .
<ii- - io{(iC6zet - 7o-4e*) 
d  = \oi(\4Z4ec. - n - H € c i)
where f a  = te n s i le  s t r e s s , l b f / i n 2 
6 il. = te n s i le  s t r a inX p
<&0 ~ com pressive s tre ss?  l b f / i n  '
= com pressive s t r a in  -v.
(235)
G e n e ra lly , f o r  a n o n - lin e a r  bending system o f th e  fa*'*'• 
geom etry d e fin e d  in  F ig .9 4?  th e  custom ary assum ptions o f 
c o n s ta n t ly  p lane  c ro s s -s e c t io n s  and n e g l ig ib le  P o isson  e f fe c ts
o Observed values at failure 
• Observed values at limit
of proportionality
Parabolic curve
0"t = 106(1 • 662Gl- 70-4 )
Average of observed curves —
26 24 22 20 18 16 14 12 10 8 6 4 2
€ r x103
192. ;
2 4 6 8 10 12 14
€ t X103
Parabolic curve 2 
c£= 106 (1-484ec- 1 7-16£c )
. Average of observed 
curves
Fig.95.
OBSERVED AND 
PARABOLIC STRESS- 
STRAfN. CURVES FOR 
RANDOM FIBRE 
TEST BARS UNDER 
AXIAL LOADING. - -

j Gi­
lead to  the r e la t io n s h ip s :
*P *= f  <$£ .h.dn(~ ~ fdc- k d u C
0
to r
M s . d^.kuftu^ Y  £.k(4cd U,
Principal axes
Geometric
axis
Neutral axis
STRAIN STRESS
DISTRIBUTION DISTRIBUTION,
Fig.96'GENERAL NON-LINEAR'BENDING ANALYSIS
I f  th e  s t r e s s - s t ra in .c u r v e s  in  bend ing 
are ta ken  to  be th e  same as those under a x ia l  lo a d in g , and 
i f  these may be d e fin e d  by a n a ly t ic a l  e xp re ss io n s  o f  th e  fo rm :-
<4 -- f t  Cefc) (236)
and <»c- f c  f e ) ; (23?)
th e n  eq u a tio ns  (234) and ( 235) become:
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•0 .7 • 0 .0' . I f  p a ra b o lic  s t r e s s - s t r a in  cu rves
may be assumed, h av ing  th e  fo rm s : -  7-,..; ..9y0;j. /. .0/ ■,
&b a <*0£fc ~ /3 ?  €b *  • +77 . , 0.(242)
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e q u a tio ns  (238) and (239) assume the  fo rm s :-  f - YjY
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F u r th e r  developm ent o f  th e  a n a ly s is
depends upon the  shape o f  th e  c ro s s -s e c t io n  and upon th e  4 ,
a p p lie d  lo a d in g  system . In  th e  p rese n t c o n te x t i t  i s  s u f f i c ie n t
to  co n s id e r th e  case o f  a re c ta n g u la r  s e c t io n  in  pure bend ing ;
the  s e c t io n  a c tu a l ly  te s te d  was n o t re c ta n g u la r ,  b u t th e © ;
assum ption o f an e q u iv a le n t re c ta n g u la r  s e c t io n  as in d ic a te d  in
F ig . 96 g r e a t ly  s im p l i f ie s  th e  a n a ly s is ,  and the  e r ro r  in v o lv e d
w i l l  be sm a ll compared w ith  th a t  in h e re n t in  th e  ch o ice  o f
p a ra b o lic  s t r e s s - s t r a in  r e la t io n s h ip s .  .. -7+, . : ' 0 ‘
F o r ;the  re c ta n g u la r  s e c t io n  in  pure b e n d in g , th e n , , b is
c o n s ta n t and P 1 = 0 , so th a t  (244) g iv e s : -  .. ’ 4 ;  .0 +  - .
A
IY\ - a A  -'O
A ls o ,..p u tt in g -  *  HH » k  , say, .+7++p ‘ . .:^ ;++
■ .7.,4. +-:■■■;■•- * & * . 0 0 • ;4 ■ ,4r .4) Y;-
e l im in a t io n  o f 6C , m and n from  (246) reduces t h is  to;:
f  (44 -dYfc -J»£<fc*-r) *  0 , .0; + 4 , +  0 ;
' . * 1 96  
"• A-7S im i la r ly , . / (21*5) becom es:- -A . ( A :4(;A;.a7''': A,yA('a1Aa
C i n o * d  3k m  V-m; £fc
o r ,  u s in g  (2 4 8 ), a -v-AA. - y
y  ,= ) / A i X y  - 3 . ) 1  ' ( 250)
7  s' y ^ y j  - / - - A A y V
:w ■ r - Nov/, th e  ra d iu s  o f : the  g e o m e tr ic a l7a x is  =of: theAA3.,=; 
t e s t  b a r due to  bend ing i s : -  ’ " • ' ‘ T' ' /V-
• , Ro -4  + ±  (<***), A  ( 251)
A /a A; , where R'n is  th e  ra d iu s  o f th e  =
n e u tra l a x is 'a n d  is /g iv e n ,  b y : - 7
: • ‘ 7 7  ' . 7  (2 5 2 ) .
• Then, u s in g  (248). and- n o t in g  th a t  m + n = d ,
. A 3 -  K o ' A  f . | f e ^ ) + k d ]  ( 255)
/  : - . I . U sing k  as a pa ra m e te r, (249) end.
( 255) /now p e rm it com pu ta tion  o f a m om ent-curvature  r e la t io n s h ip  
where th e  p a ra b o lic  form s o f  th e  c o n s t itu e n t  s t r e s s - s t r a ih  
cu rves  are known; and th e  p re d ic te d  curve  i n - F ig .96 has been 
o b ta in e d  in  t h is  way from  th e  p a ra b o lic  form s quoted i p / F ig , 95*
S ince the  s tre s s  and s t r a in  to  a ■ 
fra c tu p e  in  com pression approach th re e  tim e s  those to  f r a c tu r e  
in ' t e n s io n ,  i t  i s  reasonab le  to  assume th a t  f a i lu r e  w i l l  be 
in i t i a t e d  in  te n s io n , and o b s e rv a tio n  c o n firm s  t h is ,
7 From (242) a r id -(2 4 8 ), th e  maximum te n s i le  s tre s s  in  the  
re c ta n g u la r  c ross  s e c t io n  i s  g ive n  in  term s o f  th e  param eter k
&  - 21 AySV-d:
R e fe rr in g  now to  e q u a tio n s  (250) , (253) (and (2 5 4 ), i t  i s  
seen th a t  M, R a n d a r e ,  f o r  the  g iv e n  p a ra b o lic  s tre s s  
c u rv e s , fu n c t io n s  o f  k  a lo n e ; so th a t  from  the  th re e  cu rves  
g iv e n  by. these  eq u a tio n s  th e  bendin/gAstress a t f a i lu r e  may be 
e s tim a te d  .when, -the u lt im a te  bending A
d e f le c t io n , is  -known. U lt im a te  s tre s s  va lu e s  from  the  fo rm e r
. o f ' th e /tw p ' a l te r n a t iv e  s o u rc e s a re  u s e d in  Tab le , I I I , '  because • fa 
i t  was f e l t  th a t  the. bending .moment( co u ld  be measured more 
a c c u ra te ly  than  c o u ld  th e  t ru e  d e f le c t io n .  . ■ *
fa-fa fa'•' : I n  an id e a l homogeneous and i s o t r o p ic ;■
m a te r ia l,  the  s tre s s e s ,tra in  curve  to  f r a c tu r e  under *pure- a x ia l  
lo a d in g  shou ld  be id e n t ic a l,  w ith  th a t  d e r iv e d  from  bend ing 
c h a r a c te r is t ic s .  In  p ra c t ic e  the  m a te r ia l always e x h ib i ts  
g re a te r  s t i f f n e s s  and s tre n g th  in  bend ing , due to  th e  co lo n y  
o f  flaw s- which e x i s t s o n  some sca le  o r o th e r ,  in  any r e a l  
substance . The d if fe re n c e  in c re a se s  w ith  the  degree o f  
d is t r ib u te d  im p e r fe c t io n  in v o lv e d , so th a t  a c o n s id e ra b le  
d isc re p a n cy  would be a n t ic ip a te d  in  a m a te r ia l c o n ta in in g  so 
many d is c o n t in u i t ie s  as a f ib r e - r e in fo r c e d  s o l id .  fagrfa'-fa.
Such a d isc re p a n cy  i s  in d ic a te d  in  F ig .  96, where th e  ■ 
bend ing s t if fn e s s ; :a r id  th e  u lt im a te  bending moment are seen to  
be re s p e c t iv e ly  about 12 and 29$ h ig h e r  on th e  'observed curve
th a n  on th e  p re d ic te d  one. The ta n g e n t modulus d e r iv e d  from'fas- -fa fafa. 'fa • - :/ fa'fa''fa- v : fa / - 0 fa ■ P -• :■
th e  /observed curve  is  (a p p ro x im a te ly  1.7, x  10 l b f / i n  .
.. F a i lu re s . observed in  -pure bending w ere: v e ry  s im i la r  in
appearance to  the. two typ e s  I l l u s t r a t e d  f o r  te n s ile ,  f a i lu r e
in  F ig .95 * T h is  was to  be; e xp ec te d , s in ce  bending fa fa ilu re
was p re d o m in a n tly  i n i t i a t e d  from  the  te n s i le  s id e .
1 7 *2 .5 * Shear T e s ts . . '  ,,fa \
.■fafafafa ■ fa.,.fa-fa- The te s t  methods used f  or, assess ing
s h e a r /s tre n g th  in  random f ib r e  te s t  p ie ce s  are in d ic a te d  in  F ig .  
72, and the  r e s u l ts  in  Tab les IV  and V. The va lue  w hich is  
X ^ r in c ip a lly  o f in te r e s t  i s  th a t  f o r  in te r la m in a r  shear s tre n g th ,?
npu ’ s in ce  t h is  in f lu e n c e s  .the  " fa i lu re  mechanisms o f  many 
f ib r e - m a t r ix  s t ru c tu re s /w h ic h  are no t lo a d e d 'd ir e c t ly  in ./s h e a r. ;
• M ethods. (b ) , (c )  and (e ) o f  F ig .7 2  were, a l l  usedfato fa • , fa 
es t i mat e ' f a7 } ,  Method (b ) , depending upon the  g e n e ra tio n  o fJO ,npu © • fa1
com plem entary s h e a r, was u n su cce ss fu l because the  loads  In v o lv e d  
were h ig h  enough to  cause locsal c ru s h in g ; f i n a l  f a i lu r e ;  th e n  
re p re se n te d  te n s i le  f a i lu r e  o f the f ib r e s  across, areas o f |
destroyed!, m a tr ix ,  and i t  i s  s ig n i f ic a n t  th a t  the. measured• fa -• ■ - fa ' v fa . ' , p
a ve ra g e ■Shear s tre s s  to  cause t h is ,  8 400 l b f / i n  , approaches■ ’v fa,.--fa'\ : ■ ■ , : 4 . • - 6 ■ - ' ' v,fa ■ •’ ■ favfaj-
th e  te n s i le  s tre n g th ,  9 700 l b f / i n  , o f th e  same te s t  bars-fa' 
under a x ia l  lo a d in g . ’ : f a . - ,  f a . r ' "fa/'- -
Method, (c )  worked w e ll w ith  specimens A, in  which the  
p lanes o f ; la m in a tio n , and lo a d in g  were' e f fe c t iv e ly ,  p a r a l le l  ,•. j 
b u t gave h ig h  va lu e s  w ith  specimens 0 , where the  s ta c k  c o lla p s e  ; 
d u r in g 1'm ou ld ing  tu rn e d  th e  plane? o f la m in a tio n  across th e  load
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l o c a l l y  in v o lv e d /  T h is  accounted .fo r  th e  h igh , mean v a lu e /o f• •' 'fa. ■ fapfafafa'v *; v s'/(/'-• v v - l - ■ ; ypp-r /fa p ■ ’•■■■'./.'
4 900 l b f / i n  f o r  specimens C, as a g a in s t 2 800 l b f / i n “ I f o r
the  b e t te r  specimens Afa-vfa . fa ;fa /,.i
The s h o rt beam t e s t , ( e ) was a p p lie d  in  the  s ta n d a rd /w a y ; 
the  r e s u l ts  g ive n  by t h is  t e s t  on any m a te r ia l are s u b je c t: , to  
in a c c u ra c y  because the  tru e  s tre s s  d is t r ib u t io n  in  th e  re g io n 1' . \ 
o f  the  lo a d in g  p o in ts  does n o t fo l lo w  th e - c la s s ic a lly a s s u m e d  
I ja t te r n ,  • and the  use o f a la m in a r s t ru c tu re  . in tro d u c e s : sm a ll fa 
a d d it io n a l in a c c u ra c ie s . I t  was observed, in  f a c t ,  th a t  most 
o f  the  in te r la m in a r  f a i lu r e s  in  these te s ts  occu rred  e lsewhere I  
tha n  on the  n e u tra l a x is ,  and were a sso c ia te d  w ith  c o n s id e ra b le  : 
s c a t te r .  I t  was fo u n d , however, th a t  th e  average sh ea f s tre n g th  1 
w a s 'a g a in  about 2 800 l b f / i n 2 , as w ith  te s ts  (c). on specimens 1 
4 4 / ,  so ‘ th a t.  I t  /seems:; reasonab le  to  accept t h is  as a w o rk in g  fa 
va lu e  o f in te r la m in a r  shear s tre n g th  f o r  the  random f ib r e  • • ’ ;-fa
la m in a te . I f  the  r e s u l ts  from  A (c) and B (e) are. c o m b in e d ,th e  fail 
o v e ra l l  c o e f f ic ie n t  o f  v a r ia t io n  becomes : /fa-fair/ ,
1 7 *2 .6 ., F a tig u e  T e s ts . ’ , 4- ’'/fa/ .fafa /. ' ’;.. •
The fa t ig u e  te s ts  d e sc rib e d  iu:fa.4fa- 1 
s e c t io n  16.1.5®  were of. an e x p lo ra to ry  na tu re ., c a r r ie d  cu t as 
a s h o rt- te rm  s tu d e n t p r o je c t .  Loading was in  pure bendingfa 
u s in g  th e  s tan d a rd  random f ib r e  te s t  b a r o f  F ig .66, and th e  . j 
a p p lie d  bending moment v a r ie d  between ze ro  and a s p e c if ie d  
maximum in  one d i r e c t io n  o n ly ,  so th a t  re p e a te d , r a th e r  than  
a l te r n a t in g ,  lo a d  was a p p lie d .  The lo a d  c y c le ,  in d ic a te d - in  
F ig . 75? had no s p e c if ic  fo rm , and measurements o f b o th  lo a d  
and d e f le c t io n  were s u b je c t to  in a ccu ra cy  due to  l im i t a t io n s  
o f  th e  appara tus used. - f a y .  . 4 \ 444 f a .  j
For these reasons the  co n c lu s io n s  to  be drawn from  the  - 1 
te s ts :  are o n ly  amenable to  a l im i te d  degree o f g e n e ra lis a t io n  
and must be take n  as in d ic a t in g  tre n d s  r a th e r  than  as o f fe r in g  fa 
s p e c if ic  v a lu e s . r  . . ,c- 4 , ; , '.,:fafa.e"
R e fe rr in g  to  th e  curves o f F ig . 75, i t  j 
is 's e e n  th a t ,  th e  s t i f fn e s s - t im e  curve  has a s im i la r  form  f o r  
a l l  thefaspecim ens..There Is  a sharp i n i t i a l  lo s s  o f . s t i f f n e s s ,  j 
in d ic a t in g  th e  spread o f  in t e r n a l  f r a c tu r e s ': a t i n i t i a l  S tre ss  
c o n c e n tra tio n s  v / ith  the  developm ent o f a more even d is t r ib u t io n  fa 
o f  lo a d  in to  the  su rro u n d in g  s t r u c tu r e . T h is  i n i t i a l ,  lo s s  o f 
s t i f f n e s s  apeears to  be la r g e r  in  the  te s t  bars which are , 
i n i t i a l l y  o f lo w e r s t i f f n e s s ,  and which may th e re fo re  be ta ke n  
as lo w e r q u a l i t y  m ould ings . \.:..-fafafa ■:/• v • ' ;  / .vfafa-E. j
; : T h is , i i h i t ia l  d rop  i s  fo llo w e d ; by a s teady  d e c lin e  Infa 4 / /
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s t i f f n e s s  as re pe a te d  lo a d in g  c o n tin u e s , in te r ru p te d ,  by , 
o cca s io n a l m o re .ra p id  's te p s ' as lo c a l . in t e r n a l  groups A 
o f f a i lu r e s  obcur to g e th e r  over a s m a ll ,c y c le  ra n g e • F in a l ly  
th e re  is  a steep  de sce n t, commencing a f t e r  about 95$ o f c y c le s  
to  " f a i lu r e , :  as damage p rog resses b ey onck / the.'-; =st ag'e' Lwh jg b  : ; 4
r e d is t r ib u te d  lo a d  can be c a r r ie d  by the: re m a in in g  s t ru c tu re
Comparison o f F ig .-75 w ith 'T a b le ’: V I re v e a ls ; no c o n s is te ir t  
v a r ia t io n  in  the  shape' o f  the  curve w ith  the. a p p lie d  ( lo a d  o r • ,1
number o f c y c le s  to  f a i l u r e , and; a p lo t  of. a g a in s t P,: as in  1 
F ig . 97 * does n o t le a d  to  a useable  e q u iv a le n t S-N, c u rv e .
The l a t t e r  r e s u l t  i s  to  be expected, due to  th e  la rg e  
in h e re n t v a r ia t io n  o f p ro p e r t ie s  from  one f ib r e - r e in fo r c e d  -y 
specimen to  another-, in  - com b ina tio n  w ith  th e  r e la t i v e l y  sm a ll ; A 
number o f specimens te s te d .  The c o n s is te n c y  in  g e n e ra l fo rm : 
o f  th e  s t i f fn e s s - t im e  cu rves o f F ig .75, however, makes i t  
appear reasonab le  to  g e n e ra lis e  t h is  group o f cu rves in to  a 
s in g le  m aster curve  by ta k in g  v e r t i c a l  o rd in a te s  as r a t io s  o f 
the  va lue  a t 10$ l i f e ,  and. p lo t t in g  to g e th e r  a l l  the  p o in t s y  
from  the c o n s t itu e n t  cu rves as in  F ig .98. M atch ing a t  10$ l i f e  = 
i s  used because t h is  appears to  re p re se n t th e  e a r l ie s t /s ta g e  . ;
a t which the  specimer\. becomes ' s ta b i l is e d ' fo l lo w in g  the  i n i t i a l  
spread o f damage. " y
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,+ F ig . 98 d is p la y s  c o n s id e ra b le  s c a t te r  , some ,d£zVdich.by// • 1 
c o u ld  p o s s ib ly  have been : a y o i d e d m i d - l i f e / i n s t e a d ;  
o f a t 10$ , and in s u f f ic ie n t : ;  specimens were te  s te d  to  b r in g  out 
a /c le a r  tre n d  fro m .c o n c e n tra tio n s  o f /p lo t te d ;  p o in ts / /  re fe re n c e  
back tp ' th e p z o r ig in a l,-p lo ts ) o f F ig .75 , how ever, / in d ic a te s  / th a t  1 | 
a s im p l i f ie d  s t i f f n e s s  lo s s  curve may be p o s tu la te d ,p a s /sh o w n  
by th e  heavy l in e  o f F ig .98. The p a r t ic u la r  l in e  chosen; he re ’ 
suggests th a t  under in -p la n e  lo a d in g  the  random f ib r e  ; lam ina te . i 
w i l l  lo se  about 7$ o f i t s  s t i f f n e s s  f a i r l y  r  a p i d ly ,+ and .th e  next; 
5$ v e ry  ( g r a d u a l ly / ta k in g *  i t  up to  about 90$ o f i t s  w o rk in g  ; :j 
l i f e .  F in a l f a i lu r e  i s  a sso c ia te d  w ith  a sudden d ro p / to  about 
80$ o f the  o r ig in a l  s t i f f n e s s . /+ \  ” ./■ w>* 4
C ons ide rab le  fu r th e r  te s t in g  would be re q u ire d , however, / j  
t  o e s ta b lis h  a r e l ia b le  me an c u r v e f o r •d e s ig n  p u rp o se s , /and; to  / 
e s tim a te  re le v a n t c o e f f ic ie n ts  o f v a r ia t io n  w ith  any degree 
o f  c o n fid e n c e . '/.,- '© / Y / ' - f  Y / - Y ' / aY /Y Y Y
A fu r th e r  d e d u c tio n  from  th e  o r ig in a l  
p lo t s ,  based: upon th e  s u p p o s it io n  th a t; t l ie  r a te /o f .  s t i f f n e s s  /- +/ 
lo s s  d u r in g  the  m idd le  p e r io d  o f l i f e  must be re la te d  to  th e  •/ -, 
e ve n tu a l l i f e  o f  th e  specim en, was made by Khan, /who; p lo t te d  
k  a g a in s t lo g ^ N  f o r  each opnd/Shat+aabh
a re aso na b ly  s t r a ig h t  l in e  , even when th e  i n i t i a l ;  lc d s  ;of.v +‘ 
s t i f f n e s s  was in c o rp o ra te d ; the  s lope o f each graph/was then  
p lo t te d  a g a in s t th e  lo g  o f the number o f  c y c le s / to  f a i l u r e ,  
g iv in g  th e  graph shown in  F ig . 99* / /  /  + " //.'": 0 0/:--/•+/'/■'
3k 60 
cXIogN)
4 0 
20
■:© ; ■' 0'
Y 1 10 '■ ;/'Yo2v/://:/: /1 0 ? // / / /  1 104 l/Y + Y iO5
- •• . /•  Nj cycles Y0
Fig.99. LIFE PREDICTION GRAPH FOR RANDOM FIBRE 
7 / TEST BARS UNDER REPEATED/LOADING,
, W h ile , a g a in , fu r th e r  te s t in g  would be necessary tp -A  
v e r i f y  the  v a l i d i t y  o f th e  apparent s t r a ig h t - l in e  r e la t io n s h ip  
in d ic a te d  by F ig . 99, t h is  approach does seem to  o f f e r  a means 
o f  p re d ic t in g  the  l i f e  o f a specim en;by o b s e rv a tio n  o f i t s  
b eh a v io u r in  e the. r e la t i v e l y  sm a ll number o f  . c y c le s  ,needed to  
e s ta b lis h  the  s lope  o f the  k -lo g N  cu rve . W hile no t o f fe r in g  
d e s ig n  in fo rm a t io n  d i r e c t l y , t h is  would g r e a t ly  e x p e d ite ; th e  
te s t in g  o f la rg e  numbers o f n o m in a lly  id e n t ic a l  t e s t  p ie c e s .
17 . 2 . 7 .- Creep Tests .- *. . 7y . ^y.7" .4
I t  was e xp la in e d  in  1 6 .1 .6 .- th a t; the  J- . V £7' * */• ■' ; ?
bending creep te s ts  c a r r ie d  ou t on random f ib r e  te s t  ba rs  were | 
o f a ru d im e n ta ry  and e x p lo ra to ry  n a tu re  o n ly , and i t  would 
th e re fo re  be unwise to  comment on the  cu rves o f 'F ig  .76 beyond ... * 
in d ic a t in g  th a t  th e y  appear to  fo l lo w  the  c la s s ic a l  creep y  
curve  sketched in  F ig . 100. I t  is  suspected th a t  most ..of th e  
creep occurs w ith in  th e  in te r la m in a r  m a tr ix  re g io n s  w ith  a 
g radua l- lo a d  t r a n s fe r  to  the  f ib r e s ;  i f  t h is  is  so, i t  seems J 
p o s s ib le  th a t  an e q u il ib r iu m  c o n d it io n  co u ld  be reached in  which; 
th e  re s id u a l m a tr ix  s tre s s e s  became so low  th a t  creep came 1
• v i r t u a l l y  to  a s t a n d s t i l l  f o r  moderate a p p lie d  lo a d s , hone o f 
the  bars te s te d  f a i le d  in  the  tim e  which co u ld  be a llo c a te d  
f o r ; t h e  t e s t ,  b u t n e ith e r  was th e re  any s ig n  o f a d e f in i t e  J
le v e l l in g - o f f  o f  d e f le c t io n ,  y  ;3, ; 7 7. ' ;"* I
8 - 8.
apparent characteristic
ex pec ted cha racier Is tic 
a f  low loads *
log t
Fig 100. CREEP OF RANDOM .FIBRE TEST 
IN BENDING. ' ' ' ' ' -A
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fa- I 7 v 2 .8. C o e f f ic ie n t ,  o f lxpamsi;qh;.faCfa/fa 
,.■ :'fafa/fa ///fa "fa- ■ " / ,: Th¥fath o b ta in e d : !o r  fat-he/fa
c o e f f ic ie n t  o f  l in e a r  e xp a n s io n ,b us ing  th re e /d if fe re r iY / tq s ifa ;  
p ie ce s  and te s t in g  each tw ic e  , were re s p e c tiv e ly :- -35 /6  ,fa 2 1 .5 
and 20 .5  'X 10b/° C * T h e / f i r s t /  specimen' was: c u t w ith- dne Yace;:; 
in  th e  r e s in - r ic h  face  o f  the fapa ren t:tte s 5 /b a r  /  .ana th is :  would 
p robab ly /accoun t---.for;th e /h ig h  expansion,fafig p re / 'w ith  i t s .  baas 
- tow ards the; m a tr ix  va lu e  . . The rem a in ing  faw o :,/cu t: from  th e  /h e a r t  
o f  the  b a r , are more re p re s e n ta t iv e  o f the  t ru e  lam inar- system ,
so th a t ' th e - .c o e f f ic ie n t  rof, / l in e a r  expans ion ; m e a s u re d /in /th e  
p la n e  o f la m in a t io n ,  may be ta ke n  as about 21 x  10~b/°G
17 . 3 ,. Tests  on P a r a l le l  F ib re  Specim ens- • V - • fa/..;.
. / . 17 . 3 . 1 . A x ia l T e n s ile  T e s ts .,  , v \ \  / '• ;fa'E ' -fa/fa
. (a ) 0 = 0 ° :  Table V I I ,  F ig .78. fa fa/^fafaTfa'
/ /  -. . • / fa. As* s ta te d ' in  16 .2  -1 / ,  the  s tre n g th
o f specimen 3 was u n ty p ic a l due to  pronounced lo c a l  f la w s .  A 
f u r t h e r  exam ina tion  o f  th e  specimens suggests specimen r5/was 
a ls o  weak to  an u n re p re s e n ta tiv e  degree, f a i lu r e  hav ing  •/ 
occu rre d  in  a lo c a l  re g io n  o f ve ry  pronounced waviness and 
low  re s in  c o n te n t. I f  t h is  s tre n g th  f ig u re  i s  excluded;, . th e  
o v e ra ll :  - s t i f fn e s s  and s tre n g th  va lues -to  be token  f o r  t h is  
system ;‘ b e c ome.: -
E. = 2 .63  X . . 1 0 6  l b f / i n 2 , C '= IS '/
= 21 &C0 l b f / i n 2 , - g ::= .15#
V a r ia t io n s  in  / s t i f f n e s s  and in
s tre n g th  are due p r im a r i ly  to  waviness in  the  n o m in a lly  
a x ia l  f ib r e s  due to  m o u ld in g , ( F ig . 68) ,  to  lo c a l f la w s  which 
had a somewhat exaggera ted e f fe c t  due to .-th e  sm a ll c ro s s -s e c t io n : 
used in  th e - /te s t b a rs , and to ., th e  v a r ia t io n s  in  the  age o f 
the  m a te r ia l used f  o r m ould ing  ../' O ld e r /m a te r ia l appeared • tb  /have 
a g re a te r  s t i f f n e s s  in  the  moulded c o n d it io n ,  presum ably due. 
to  the  1 p re c u r in g 1 e f fe c t  o f  e v a p o ra tio n  o f s ty re n e  from  th e  
m a tr ix  w h ile  on the  s h e l f .  A nother source o f s tre n g th  v a r ia t io n , - 
p ro b a b ly  le s s  s ig n i f ic a n t  than  those l i s t e d  above, was the  
degree o f/o v e rc h a rg in g  o f the  m ould//-the f la s h , tended to  be 
m a in ly  m a tr ix ,  so th a t  a la rg e  f la s h  would, in c re a se  the  e f fe .c t iv i 
f ib r e  volume c o n te n t o f th e  charge re m a in in g  w ith in  the  mould 
c a v i t y .  • *fa\ •-./>'/*;"■ fa-- ’.'fa , ;• /fa/'"'’ • '. / /
I t  i s  c le a r  th a t  the  e f fe c t -  o f most o f  the  /param eters:Y ’ - 
d e s c rib e d  above w i l l .  In c re a se  asfathe .s ize  o f the  m ould ing / y  •/ • 
d e c re a se s ,/a n d  .some in d ic a t io n  o f the  m agnitude o f t h is  e f fe c t  
i s  g ive n  b y .a  com parison o f th e  c o e f f ic ie n ts  o f v a r ia t io n ;  f o r
4 f .  £  2 0 4 ©
t h is  -batch1- o f m odld ings' w ith  th e  • c o rrespo n d in g  c o e f f  ic le n t s  I / -•.4 
f o r  the  random f ib r e  te s t  b a rs , which had .-a lm ost: th re e  tim es 
th e  c ro s s -s e c t io n a l area and were moulded under tru e /c o m m e rc ia l -j 
co n d itio n s *. V a r ia t io n  f o r  th e  s m a lle r  specimens is  50$/g r e a te r /  
f o r  modulus o f e l a s t i c i t y  and 100$ g re a te r  f o r  te n s i le  s tre n g th .:
A t y p ic a l  1 good1 f a i lu r e  e x te n d s /o v e r+ 
a co n s id e ra b le  le n g th  o f  -the^spbciroen-,. as- in d ic a te d -  in  F ig .  101, j 
and develops th ro u g h  a x ia l  shear and bond fa i lu r e s  sp rea d ing  
from  lo c a l,  f ib r e  f a u l t s  u n t i l  the  m a tr ix  i s  v i r t u a l l y :  des tro ye d // 
and the  rem a in in g  f ib r e s  cannot s u s ta in  the  lo a d . Many o f 7..// . / |  
th e  broken te s t  p ie ce s  showed-' c o n s id e ra b le  g la ss  /exppsure; + ©-1 
su g g e s tin g  poor i n i t i a l  bond ing . © / /  i
UK-
Fig.101. TENSILE FAILURE IN PARALLEL FIBRE T E S T ! i
BAR: 0=0° A 1 9:0'.- / ;+ 7 E /+ ; :
(b ) © = 22^, 45 , 67-J, 90°:: Tab les V I i r L to  X I ,  j
.•F ig . 79 to  82. ■ 7 :';
A l l  specimens in  these groups fa . i le a  4
by e ith e r ;s h e a r  and bond f a i lu r e  p a r a l le l  to  the  f ib r e s ,  o r 
te n s io n  norm al to  the  f ib r e s ,  o r by some: co m b ina tio n  o f ’ th e :/ 
tw o ; i t  was n o t p o s s ib le  to  de te rm ine  which predom inated by -•- 
exam ina tion  o f th e  f ra c tu r e  s u r fa c e , which d isp layed - in : - a l l  4. 
cases a smooth b reak w ith  c o n s id e ra b le  g la ss  exposure. The mode 
o f f a i lu r e  would be co m p lica te d  by the  method o f/ t e s t in g , /©/' 
which re p re se n te d  a degree o f c o n s tra in t  a g a in s t shear d is t o r t io n  
in te rm e d ia te  between the  fre e  and f u l l y  c o n s tra in e d  c o n d it io n s  
used, as a b a s is  f o r  t h e o r e t ic a l  a n a ly s is .  ... • •© 4+ 9.4;; Y59©+4’'' " 9  
In  c o n s id e r in g  the  h ig h  degree o f  s c a t te r  o b s e rv e d , / i tb is  
necessary to  bear in  inind th a t  each group was; .re fe rre d  to /a  
nom ina l angle o f f ib r e  in c l in a t io n  -'which was n o t n e c e s s a r ily  . . i
p re se n t in  p r a c t ic e .  The re  s u i t  s: are ; th e r  e f  ore . r.ec a s t  in + th e  •'' 
fo l lo w in g  t a b le , in  which each specimen;-+is; a sso c ia te d  w ith  the  
va lu e  o f © a c tu a l ly  measured a t the  fra c tu re "  su rfa ce  a f te r© / ;  . 
f a i l u r e .  Specimen re s u lts ; fc re  then  p lo t te d  in  F ig .102 as an
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obsex'.ved fu n c t i  on o f
TABLE XXVX STRENGTH-’. AND STIFFNESS OF 'PARALLEL'-FIBRE TEST. BARS 
-Lvv'G IN  7PURE. TENSION: CORRECTED, 0 . v ..A y- '/'"S’ ~7
Specimen 
No'. 3
9 q ■ A y . y E ■■ *  ■ o -
l b f / i n
#.cl ;A 
l b f / i n
- y ,: -U ■ 0-5rt ■
it
Nominal True
Mean(a ) (b ) \ %«
1 1 2 2$ 22 1480 X 10 64 ■ 5> 410 1 7.0
2 2 ■ <f 27 1 . ‘22. X 10 6 5-3’ 180 A - i(-
3 3 (-( «;•, 37 1.-53 X 10^ 5 p m  =7 0,
4 4 30.; 1 .40 X 106 ; 3 950 i
: .5 :.; 5 A "A- 26 1 .75 X, 106 7 130 . - 0
6; • 6 ; ."C 2 4 , 1.70 X 106 .7 990 A A;p'(
y a  7 r .. a- — ; 21 ; 1 .55 X 106 7 3 200: v-”p.(
- 8,: 8 '2 5 1 .62 X 106 7 3.00 - i ,
9 9 32 ; 2.-50 X 10- 5 700/: . ■ 0
1 10 :a / 45'5 ; 55 1 .15 X 106 A ' -540 5: i (
: 2( 11 : 55 ■ 1 .43 X 106 1 66047 0
3 12 5 - 47 1 .06 X 1/p6 1 060 7 0
4 13 ■ - — 49/7. ; 1.10 X 106 3; 530 0
5 14 “ 47 7 1 .00 X IQ6; 645 i
6/( (15 ( (-557 0 .95 ,x; 106 1 400 /, i
7 ; 1.6 5(58 A A 0/.90: X 106 1; 620 A ■ i
1 (17 ' 6 7 $ 1 .20 X 106 830 0
2 ; 18:;A y ; A. — • ■ 77 .. 0 .85- X 106 1 220 7 . : 0
'• 3 ;19(( ■ -;v A m* • 67 1 .62 X 106 . 2 1.40 5 ’ 7 0
4 20 78 0.11 x- 10y 380 . 1
5 21 / 85/ 0 .09 X 10y 310 i
6 22 f 76 0 .2 4 X IQ6 420 y i
7 23 ~ 82 • »-*r 750 :: - iU
8 24 — 87 0.09 106 540 . -,/. i ,
9 (25 > -  / s e . ; 1 .50 X ; 106 .540 7 Go,
Specimen No:*-„( *. . * A  ■* .?
.(a ) I n  the
o r ig in a l  • 
Table-A 
3 (b ) In  Table-/XXV J
v ra c  uure r y  . 7 
( / .b; .; O u ts ide .: gauge;
•'■■'Y* y .  y  le n g th  -.1 
i  In s id e  gauge
( '. / .y :;;7 . le n g th
A A t h ig h  va lu e s  o f  0 , s t r u c tu r a l  breakdown ; often-commences 
a t  a ve ry  low i n i t i a l  s t re s s ,  and deve lops (s te a d ily  u n t i l  f i n a l  
f a i lu r e  occurs a t  a s tre s s  which may? be. q u ite  h ig h , when, in  
the  - te s ts  summarised above-;, such bi*eakdownAoccurred w ith in  the  , 
gauge le n g th ,  a v e ry  low va lu e  o f apparent modulus o f e la s t i c i t y  
w a s ob t  a in e d ; th  is  . is  - p a r t  ic u  1 a r ly  no t i c  e ab le  i n  sp e c irn ens - ;
20, 2 1 , 22 3and 24, the  Ex va lu e s  f o r  which hs.ye th e i 'e f  ore >.not 
been p lo t te d  in .; F ig .  10 2,. (Specimen 23';. v/.asAt oo;=short to  accep t-an
extensome't.er.). I t  was; a ls o  no ticed - In" th is9group.yd.^'' 'spec im.e.ns 
(17 to  25) th a t  t h r e e - o f t h e  fo u r  f a i lu r e s  o c c u rr in g  ou ts ide- 
the  gauge le n g th  ( 1 7 ? 1 8 ,1 9 )  were i n i t i a t e d  a t / th e  ed g e a fo f th e  
a lum in ium  r e in fo r c in g  pads, and.may thus: have- been a s s o c ia te d  
w ith  u n ty p ic a l ly  low  u lt im a te  s tre n g th s .,
The te s t  ba rs  u s e d /fo r  tra n s v e rs e  f ib r e ;  te s ts  (© = 9.0°) 
d id  n o t show any obvious f la w s  o r . f ib r e  o b l iq u i t y  to  account 
f o r  th e  h ig h  degree o f y s c a t te r  in d ic a te d  in  F ig .‘82 and in  Table 
XI". The v a r ia t io n  shown , must th e re f  ore be accepted as be ing: 
re p re s e n ta t iv e ,  though exgggerated b y  th e  use o f specimens© 
h av ing  a sm a ll c r o s s - s e c t io n a l,areaz+The f ig u re s  to  be accepted 
are th e n , f o r  © '=  9 0 °, • 4 /  ' ■ /''/■  ©
Et  =• 1 .05  x  106 l b f / i n 2 , 
i , . .  = 1. 040 l b f / i n / ,
o<■O’ a
0 = 50$
10 0 0 0
8 0 0 0
lbf/in^
6 000
4 0 0 0
2 000
O0at.e=O° ■ 
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Fig.102. STRENGTH AND STIFFNESS OF PARALLEL FIBRE 
TEST BARS UNDER OBLIQUE LOADING©© • 4
= 2 170 l b f / i n 2 , C = 51 #
ii 570 l b f / i n 2 , C = 22#
= 5 050 l b f / i n 2 , ■ a ». 13#
In  a d d it io n  to  the  p o in ts  f o r  in d iv id u a l  specim ens, 
th e  average va lu e s  o f and <5 ^ f o r  each group o f ;a g iv e n  
nom ina l o r ie n ta t io n  a rc  shown; bu t are d is p la c e d  to  the  average 
o f  the  measured va lu e s  o f 0 ; these group p o in ts  are then  used 
as the  b a s is  f o r  the  cu rves shown. ’ fafa 'fa
Shear- T e s ts . ( F ig .83, Tables X I I  to  XV)
These te s ts  gave r e la t i v e l y  
s t ra ig h t fo rw a rd  r e s u l t s ;  the shear face  in  a l l  cases was 
nea t and p la n e , showing c o n s id e ra b le  g la ss  exposure . I t  is  
in te r e s t in g  tp  no te  th a t  i s  le s s  than  the  ’ k e y in g ’
e f fe c t  o f the  f ib r e s  be ing  o f fs e t  by t h e i r  -ready d is in te g r a t io n
under la t e r a l  lo a d . The te s ts  on porous m ould ings a ls o  
i l l u s t r a t e  the e f fe c t ’s o f  v o id s , ’ which in  t h is  case, cause a 
loss:fa in in te r la m in a r  shear .s tre n g th  o f about 40$. f  f
For good m o u ld ing s , the  summarised va lu e s  are:*-
arm 
Tr ppu
17*3*3« C o e f f ic ie n t  o f L in e a r E xpans ion .
. Tak ing  th re e  specimens each o f  a x ia l
and tra n s v e rs e  f i b r e ,  th e  average va lu e s  f o r  the  c o e f f ic ie n t
■of l in e a r  expansion w e re :-  • , ;•
© = 0° :  o(= 17 .1  x  10”6/°0
0 = 9 0 °: 8 4 .5  x  -l0_6/ oC
The h ig h  r a t i o  o f these  va lu e s  in d ic a te s  th a t  la rg e  
sh rin kag e  s tre s s e s  must occur in  complex f ib r e  s t r u c tu r e s , 
w ith  .Sompa a sso c ia te d  d is t o r t io n .
1 7 .4 . T ests  on Grossed F ib re  Specimens.
1 7 .4 . 1 .. A x ia l T e n s ile  T e s ts : S ym m etrica l O r ie n ta t io n .
( F ig s .84 to  86, Tables XYT  to  XVjn) 
In  these specimens th e  angle 0 f o r
each group/was n o m in a lly  th e  same as f o r  a co rre sp o n d in g  group
in  the  p a r a l le l ,  f ib r e  s e r ie s  o f the  p rece d in g  s e c t io n ;  theT ;‘ 
mechanism o f f a i lu r e  d i f f e r s ,  however, in  a manner w hich g r e a t ly  
in c re a se s  the  te n s i le  s t re n g th ,  and which a ls o  ra is e s  the  
modulus o f .e l a s t i c i t y  a t low  va lues o f 0 .
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Fig.103. FAILURE OF CROSSED FIBRE LAMINATE IN 
TENSION.
B efo re  f a i lu r e  can be com p le te , each la y e r  
must have f a i le d ,  and th e  f ra c tu re s  must be connected by 
in te r la m in a r  shear f a i lu r e s .  In  an id e a l system , the  in d iv id u a l ,  
f a i lu r e s  in  th e  la y e rs  w i l l  be p a r a l le l  w ith  the f ib r e  axes, 
due to  a co m b ina tio n  o f shear and tra n s v e rs e  te n s io n , and w i l l  . 
a l ig n  them selves in to  two p lanes c ro s s in g  each o th e r on th e  : 
specimen a x is ,  as shown in  F ig . 103; t h is  a llo w s  t o ta l ,  s e p a ra t io n  
in v o lv in g  the  minimum area o f in te r la m in a r  shear f a i l u r e . ,
i * ’ J • ' ’ V •
In  p r a c t ic e ,  the  observed f a i lu r e  in  a l l  the  specimens 
te s te d ' in  t h is  s e r ie s  was v e ry  s im i la r  to  the  . id e a l typ e ;, 
f a i lu r e  a p p a re n tly  commenced w ith  the  developm ent o f numerous 
c ra cks  ru n n in g  a long  the  f ib r e s ,  and these c ra cks  m u lt ip l ie d  
u n t i l  two p lanes o f weakness, c ro s s in g  each o th e r near th e  
a x is ,  were g e ne ra te d ; subsequent cecacking was co n ce n tra te d  in  -fa 
these p la n e s , le a d in g  to  f i n a l  s e p a ra tio n  w ith  lo c a l in te r la m in o a  
shear f a i lu r e  and, in  some cases, te n s i le  f ib r e  f a i lu r e  near the; 
co re  o f the  c ross  s e c t io n .
F o llo w in g  the  p rocedure  adopted f o r  
o b liq u e  lo a d in g  o f the  p a r a l l e l - f i b f e  specimens to  a llo w  f o r  
s c a t te r  in  o r ie n ta t io n ,  th e  in d iv id u a l  r e s u l ts  f o r  th e  crossed  
p ly  specimens are aga in  c o lle c te d  with, the  t ru e  va lues, o f/©  . 'fa­
i n  Table XXVH, and p lo t te d  in  F ig . .104 w ith / th e -  main, curves 
from  F ig . 1 0 2 ;in c lu d e d  f o r  com parison.
I t  was found th a t  th e  re a d in g s  f o r  the  crossed f ib r e  
specimens were n o t a f fe c te d  s ig n i f i c a n t ly  by the  lo c a t io n  o f 
the  f a i lu r e  in  r e la t io n  to  the  gauge le n g th ,  and f a i lu r e  
p o s it io n  has th e re fo re  n o t been recorded  in  Tab le  XXVIf..
TABLE XXVU. .STRENGTH/AND .STIFFNESS OF GROSSED FIBHI 
/ ^ Y Y Y Y y IN PURE ■ TEN 3 ION Y  C 0 RitBC TED © © Y Y Y + Y ;
'.i/bT
Specimen 
■ No.
• : ©0° i ’. V V ’ ‘
' l b f / i n 2 70;b ;lY £ /in 2 ' Y.: + 7 0 / Y’v'V' Y ’-
Nom inal True
Mean(a ) (b ) ''/*_' ,'" / ■' /
1 1 22-J •; 25 ■ 2.20 x 10b 6 690 Specimen No:
ocC . '2 / 23 + 1 ;.86 x  106 7 280 ; (a ) In  the  o r lg in 'a 'l
3/ 3 ;23 2 .04  x 106 18 000. •' -'/' ' ' . ■ / -:. 70. Table
4 b 4 r — 20 2 .05  x 106 20 600 . . ( b )  111 Table XXVXTY
5 . 5 •/■• 18 2 .05  x  106 18 400 7 - ... 7 ; 7 / 0/ /  7/:.
6 6 : 19 ,0 1.92  x 106 19 400 y.>;Y,7 * * y; * vYt' y ' -■Yv, ~
7 7 ■/ V 18 ' 2.10  x .. 106 20 300 *• *’ 2 -v , Y w - , * * ZI
8 s; Y ■ X; - 19 1.83 x  106 aa 650 - s. ' 7 // ©f ■ Y - ©
9. 9'Y ,/ / . «;• 15 ; 2.00 x  106 20 650 • ' 77  Y + 'Y Y Y
1 10 45 50 0.81 x  106 3 840 ■ .. :. .0 /• ■ .
2 11 0 43 0.90 x 106 4 000 ' 7 ‘ ' •N'-i.N-d*’ V V ’ © /•
3 12 45 0 .99  x 106 4 900 ■ ■ 7  • : 0• -.7.© Y ■
4 13 ; • ~ ' : : 48 0 .9 4  x  106 5 230 .' - 7 "  V'Y ” •
5... 14 43 .0.93 x  106 6 150 , 7 + ' ’ ' :-*/•' 7 .
6 . 15 0 470 O.93 x 106 75 270 '0 7/+ - -; Y
7 16 •  ^ V v 4 8 / '■ O.92 x  106 5 410 - . •
8 17 47 0 .99  x 106 5 950 •+. ■ • 1 + . •
9 18 50 0 .8 6  x 106 6 660 ■ ''"7 ' 7
1 19 , & 7 i 71 1 .22 x 106 2 370
2 20 ~ 68 1.20 x 106 3 080 7 7
3 21 : * L.\.. ■ 71 1 .20 x '1 0 6 3 070 :
% ‘ » • ' * ©. . \.
4 22% ’ ", .. _ 73 1 .08 x  10 6 1 900
■  ^ '<■ •' . *. t s - •' =■ 0 *- j '■
5 23 77 0 .6 3  x 106 1 350
6 24 - 75 0 .78  x  1.06 1 010 - ■ * "v - ,* " V .
7 25 75 1.21 x io 6 2 050 -Y /
8 26 — 75 1 .29 x 106 2 360 ■
9 •27 - 72 ; 0 .88  x 106 1 480
In  re a sse ss in g  the  mean s tre n g th  f o r  th e  • f i r s Y Y . 
g roup , (0 f 22-Jw ..Nominal) , f o r  the  group average c u r v e Y ir i+ F ig . 
104, th e - f ig u r e s  fo r/sp e c im e n s  1 and 2; have been o m it te d ,,+s ince  
in s p e c t io n  o f these  f ra c tu re s  re v e a ls  on u n re p re s e n ta tiv e ©  
c o n c e n tra tio n , -of f la w s  in  th e  m ou ld ing . The^average s tre n g th  
f o r  t h is  group/ then  becomes 19 420 l b f / i n  ', w ith  00= 5Y Y *0 '

17*4.2... A x ia l T e n s ile  T e s ts : Biased. O r ie n ta t io n .  .
( F ig . 87 and Table X fX jiy  ;
I t  was found th a t  by ’ t y in g 1 n in e  j 
la y e rs  o f p a r a l le l  f ib r e  w ith  one in c l in e d  in  the  o p p o s ite  sense; 
an a p p re c ia b le  s t a b i l i s a t io n  o f s t i f fn e s s ,  and s tre n g th  cou^d . j 
be o b ta in e d , a lth o u g h  the  changes in  va lue  o f  these q u a n t i t ie s  
were s m a ll.  Comparative- f ig u re s  f o r  the  th re e  systems te s te d  
f o r  a nom ina l in c l in a t io n  o f 22~g:° are c o lle c te d  in  Table XXVUI.
TABLE XXVUI, STRENGTH AND, STIFFNESS OF PARALLEL, SYMMETRICAL 
CROSSED-, AND BIASED GROSSED FIBRE TEST BARS. © = 22-J0'
S t r u c tu re . . I
l b f / i n 2 . 0 $ lb f / in * " . 0
P a r a l le l  F ib re 1 .65  x  106 •18 5 220 37
Crossed F ib re .:
B J a s e d r ic a i 2 .10 x  106 12 6 930 27 !
S ym m etrica l 2.01 x 106 6 19 420 6
17»5*- Tes ts  on C lo th  Specimens.
1 7 .5 . 1 A x ia l /T e n s ile  T e s ts . ( F ig . 88 and Table .X*X)
W ith lo a d .a p p lie d  a long  the  a x is  o f
one se t o f  f ib r e s ,  th e  average modulus o f e la s t i c i t y  and /
' E> 2t e n s i le  s tre n g th  were found to  be 1 .85  x 10 and .13 200 l b f / i n
r e s p e c t iv e ly .  F ra c tu re  to o k  p lace  over a v e ry  sm a ll le n g th
o f  th e  b a r , a x ia l  d i f f u s io n  o f .c la c k s  and.debonding b e in g
in h ib i t e d  by the  tra n s v e rs e  f ib r e s .  -
W ith the  f ib r e s  a t 45° to  the  lo a d , th e  modulus f e l l  to  
6 21.4-6 x  10 l b f / i n  , b u t th e  s tre n g th  f e l l  o n ly  s l i g h t l y ,  to  
12 360 l b f / i n  . The sm a ll change was/due la r g e ly  to  the  
r e la t i v e l y  dormant ro le  p layed  by h a l f  the  f ib r e s  in  the  f i r s t  
case, w h ile  a l l  f ib r e s  became a c t iv e  in  the  second.
R e fe rr in g  to  ’P ig .  88 f o r  the  45° c u rv e s , a l im i t ,  o f 
p r o p r t io n a l i t y .becomes e v id e n t a t about 6 000 l b f / i n * ' . As the  
s tre s s  approaches t h is  va lu e  th e : m a tr ix  beg ins  to  b reak down, 
and the  woven f ib r e s  then  a tte m p t to  r o ta te  in to  l in e  w ith  the  
load. a x is . .  F u r th e r  d is in te g r a t io n  o f th e  m a tr ix  deve lops u n t i l  
th e  s tra n d s  in  th e  woven c lo th  are ab le  to ,; separate. and p u l i '  
o u t; in d iv id u a l  f a i lu r e s  may be s l i g h t l y  sepa ra ted  a long  the  
b a r a x is ,  b u t in  g e n e ra l f a i lu r e  o f the  whole b a r o n ly  a f fe c ts  
a s h o rt span, s taggered  breaks be ing  connected by in te r la m in a r  
shear f a i lu r e s  as in  a l l  la m in a te d  te s t  p ie c e s . -
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1 7 *5 *2 . C o e f f ic ie h t  o f Thermal E xpansion.
•■/ ■ fa-- fafa fafalhe average va lu e  f o r  the. c o e f f ic ie n t ”
o f expans ion , measured in  th e  p lane  o f -the la m in a tio n s  andfa/ P
p a r a l le l  to  one se t o f f ib r e  axes, is  from  1 6 .4 .2 .
0 4  = 1 2  x io “ 6/° a  .
A t tem pera tu res  above . about 60 C, however, t h is  no lo n g e r 
a p p lie s ,  and expansion;'.may become n e g a tiv e ; t h is  i s  p ro b a b ly  fa 
due to . s o fte n in g  o f  the  m a tr ix ,  -which a llo w s  the  'woven fa b r ic  
s tra n d s  to  b u ck le  s l i g h t l y  w ith  a: c o rre sp o n d in g 1s l ig h t  decrease 
o f  in ~ p la n e  d im ens ions . ' fa-fa////-•;,fafa, ; / ‘- ' ’ ;\fa /‘fa;fafa$
‘ 17*6 . Tests on M a tr ix  Specimens. ' -.r ; ;/fa”
1 7 *6 .1 . A x ia l T e n s ile  T e s ts . ( F ig .89 end Table X2
A l l  the  f i l l e d  m a tr ix ' specimens-,.: •- 
te s te d  in  a x ia l  te n s io n  gave re asonab ly  c o n s is te n t r e s u l ts  ; :.v; 
some had a more obvious d is t r ib u t io n  o f v o id s  than  o th e rs , b u t 
none were so b a d ly  fla w e d  th a t  th e y  co u ld  be d ism issed  a s /n o t 
be ing  re p re s e n ta t iv e  o f com m ercia l m ould ing q u a l i t y . -  fa/;fafafafafa/.- fa 
From Table XXt, th e /e f fe c t iv e  f ig u re s  a r e : -  /, .7.,<fafafafa:'fa--/
= 0 .83  x  TO6 l b f / i n 2 , /  0 = 7# 
P  ■. = 3 620 l b f / i n 2 ,, -
m
I t  i s  n o tic e a b le , from  F ig .89 th a t  f o r  th e  moderate: io a d in g  
ra te  used in  these te s ts  th e  s t r e s s - s t r a in  curve  is  v i r t u a l l y '  fa/fa 
l in e a r  to  f r a c tu r e ,  a fe a tu re  p ro b a b ly  owing s ig n if ia r . ia h tly  to  
the  hard  f i l l e r ;  the  p o ly e s te r  a lone would be expected to. show 
a marked la c k  o f l i n e a r i t y .  - • /:•;>.. Pvfafav:-/ :;’ //../:i/4fafa7fapfafafa/fa/fa /
1 7 *6 .2 . T h re e -P o in t Bending Tests ./-(Table-. XXEfa:fafa;I.fafax - 
- /-fa T h re e -p o in t bending te s ts  , 7/ fa_ ‘
p a r t ic u la r ly  when a p p lie d  to  a sm a ll c ro s s -s e c t io n  specimen,/ 
known to. in c o rp o ra te  d is t r ib u te d  f la w s c a n n o t  -be expected to  
g iv e  an accu ra te  assessment o f bending s t re n g th ,  s in ce  in  e f fe c t  
o n ly  two p o in ts  in  th e  specimen, are te s te d  a t  peak s t r e s s . ; I t  . ;
i s  th e re fo re  n o t s u rp r is in g  th a t  the  u lt im a te  bending s tre s sp. , .. ., .v-
in  Table XXI has a mean va lu e  o f *7 360 . l b f / i n / ,  ( tw ic e / th a t
o f. © , above,) w ith  a c o e f f ic ie n t  o f  v a r ia t io n  o f 2 1$ ./-Th isJ -uiur . / - ■
s tre s s  va lu e , cannot be co ns ide re d  v a l id ,  o th e r  than  os/ an /;/;//- 1 
i l l u s t r a t i o n  o f the  e f fe c ts  o f th re e -p o in t  bend ing .on/measured 
s tre n g th  f ig u r e s .  byfa / , -$ fa/fa-fa// -fa - * /,<-/.//.. ,
1 7 .6 .3 . Shear Tests  i. (Tab le  XXIlt) fafavfa'fa/fa;/fafa:, -fa/fa/'/fa:
The s in g le  shear te s t  used here does 
n o t g ive  a p a r t i c u la r ly  aecux 'a te :/assessm ent/o f/S hearing fah freng th  
due to : u iiiavo idab le  invo lvem en t o f c ru s h in g  e f fe e ts  a n d /o f s tre s s
(: " - ' > * ; 215 
g ra d ie n ts  across, the  shear fa c e . In  the  absence oif m ore33/A ;-■ 
s o p h is t ic a te d  te s ts  , however, an approxim ate com para tive  
assessment i s  o f fe re d  by the  f ig u re s  o f Table XXIH, which- 
g iv e  -a mean s tre n g th  A
%  ■ = .4  280 l b f / i n 2 ,: ! 0 = 21$.MU . , v ** »*
1 7 *6 .4 . C o e f f ic ie n t ' o f L in e a r Expansion'.:':-; '. -(--Ay. d'A.
The th re e  specimens te s te d  - fo r  th e rm a l A  ; 
expansion show w id e ly  d i f f e r in g  v a lu e s , o f
p u b lis h e d  va lu e s  f o r  u n f i l l e d  p o ly e s te r  re s in .(S in c e  -each 
specimen.was te s te d  tw ic e  w ith  good agreem ent, and s in c e ;(a l l  
specimens had th e  same nom ina l d im ens ions, i t : appears th a t  
th e  d if fe re n c e s  in  th e  th re e  va lues  ( 14 8 .4 , 1,08.0., 98 .0  x  10~6) 
a r is e  e i th e r  from  d if fe re n c e s  in  the m a te r ia ls  o r ..from . 'Ay 
d if fe re n c e s  in  m ould ing  pa ram e te rs . The/ p r in c ip a l  m a te r ia l 7 
d if fe re n c e  l ie s  in  the  age, th e  h ig h e s t(v a lu e  f o r  th e r m a l! (  . 
expansion be ing  reco rded  by th e  m a te r ia l which hod been lo n g e s t , 
1 on th e  s h e l f * ;  .bu t s ince  the  m a tr ix  m a te r ia l was skimmed/ o f f  
from  the  edge o f a s ta n da rd  random f ib r e  r o l l ,  i t  is . a ls o  
poss ib le : th a t  s t ra y  f ib r e s  cou ld  have a f fe c te d  the  r e s u l t /
In  the  .absence o f  more d e f in i t e / in fo r m a t io n ,  an a ve rage . 
o f th e  th re e  va lu e s  w i l l  be used / g iv in g  a va lu e : f o r  hhe/AA, 
c o e f f ic ie n t  o f th e rm a l expansion o f : -  '- A -  . (- 77
y  = u s  x  io ~ 6/ 0c .  ' ■' 3 3  7- 3
17*7* Tests  on Dough M ould ing  Compound Test (B a rs .- 3 a 7 .” ‘ : : : !
17*7*1'* A x ia l.  T e n s ile  T e s ts . ( F ig .  *90 ahdyT ab le ('7 fe ft^^3
These te s t  - re s u lts  were . n o t 7* ( 3 (
p a r t ic u la r ly  c o n c lu s iv e , s in ce  o n ly  th re e  specimens were te s te d  
fox* each f ib r e  volume v a lu e , and a h ig h  degree o f s c a t te r .  . . - 
co u ld  be expected due to  th e  hand m ix in g  o f the  o r ig in a l - /  ’• 
'm a te r ia l,, w ith in  th e  l im i ta t io n s ,  o f :the  t e s t ,  however,.-, i t  ; 
seems p robab le  th a t  the  in c re a se  in  f ib r e  volume co n te n t.d o e s  
n o t cause a co rre sp o n d in g  in c re a se  in  s tre n g th  o D rs1 1 ffn e ss ; 
t h is  I s  p ro b a b ly  due p a r t ly  to  th e  d i f f i c u l t y  o f m ix ing ' a t 
h ig h e r  c o n te n ts , th e  f ib r e s  te n d in g  to  clump in to  t i g h t  wads 
connected by • r e s in - r ic h  b o u n d a rie s , and p a p .tly  ■ to  theA  V. ■ 4% : 
weakness in h e re n t in  f ib r e  clumps where the  f ib r e  axes a re / 
predom inantly.- a rra ye d  across the load: a x is .  The f i r s t  - fa c to r  
was extrem ely- e v id e n t in  the  f ra c tu re s  o f th e  bar.s tested .,;: “ 
where f a i lu r e  had occu rred  a long  the boundaries  bwteen t h e / - ; 
f ib r e  c lum ps. The e f fe c t  was no doub t1 exaggerated by hand: •(, 
m ix in g , bu t com m ercia l doughm oulding(com pounds- a lso ; r e f l e c t  y
t h is  - d i f f i c u l t y  q f ;m ix±hg0 h 'ig h /-fib r.e . " c o n t e n Y s + i n /- 
tendency n o t to  exceed a volume co n te n t o f about 15$* YY:
In -th e - absence o f f u r th e r  t e s t  .in fo rm a tio n :,Y tu e © a e rie s  
d e s c rib e d  be ing  m a in ly  o f an e x p lo ra to ry  c h a ra c te r ,,  the  f ig u re s  
quoted in  Table,; XXIV7 may be accepted w ith  s u ita b le  re s e rv e ;: • '7 
these a v e ra g e /f ig u re s  a re :- ,  - 0, +Y,’ •,-© Y:' • 7 0 Y ,
v,. = 0 .1 4 , Ers = 1 .89 x 106 l b f / i n 2 , =! 3 580 l b f / i n '
0 .1 8  0  ' 1 ; 53;x . 106 0 + 3 560/
0.22 ... 1.57  x  106 ■ ' -  " 3 520'
17 . 7 . 5. Bending T e s ts . ( F ig . - 92 and "Table .X X + p 0 0 '-  
V , . . 0 0  The va lu es  f o r  E, and b  , quoted . in
Table XXXV"/ are based upon l in e a r  be n d ing  ' t h e p r y t h e  ; ta n g e n t /  *- 
modulus may ••be takenvas f a i r l y  accu ra te  on t h is  b a s is ,  b u t 
the  tendency0to / .n o n - l in e a r i ty  observed in  some o f th e  te n s i le  
s t . re s s ~ a tra in c u rv e s  o f F ig .  90 suggests th a t  th e  va lu e s  ©found 
f o r  d> may be about; >5 to  /.JOY h ig h . .; +Y YY© 0 '• /•■ ; Y y ;
Due to  the  sm a ll number o f specimens and to  the  -hand;/ , /
m ix in g  problem s ,0 th e re , is  aga in  no obvious c o r r e la t i  on betwe eft 
f ib r e  c o n te n t, s tre n g th  and s t  i f  f  ness;. Comparis on .w ith  ■ 7 ' Y -  
the  te n s ile /v a lu e s /a b o v e , however, shows a c o n s is te n t tendency 
f o r  E^ and tp  be h ig h e r  than  E^./and . by about 12-15$
and 100- 200$ r e s p e c t iv e ly ,  . r e f le c t in g  . the'; u n s a t is fa c to r y  n a tu re  
o f the  s t ru c tu re  o f the  specimens te s te d .-  A c tu a l. average va lu e s  
from  t lie  bending te s ts  were : -  • Y /,•©•:, ; ' Y Y‘ */••'' ’• Y"
V f = 0 .1 4 , - E ^ -  2.10  x  10^ ' l b f / i n 2 , “  10 010 l b f / i n "
: 0 .1 3  1 .79  X  1 0 0 - 0 ,  1 »; /  0 7 0  1 1 1 2 + 0 0  ■
0.22 : 1 .69  ;  , :•"+■■■■/■ 712760
17 *8. Summary o f Measured Values . 0Y0  ’ : ©
7 YY-  ■ Y ' 7 A l l  the, measured pa ram ate rs , .'•7‘
averaged and c o rre c te d  in  the. p rece d in g  d is c u s s io n , r e la t in g  
to  the  s e c t io n  o f the  te s t  programme de ;a lihg  w ith  b a s ic  0 , -: 
p ro p e r t ie s  are c o lle c te d  'to g e th e r  in  Table X X I X I , the  term s 
used be ing  re d e f in e d  a t the  end o f ;. the  T a b le . .
Rounded va lu e s  are p rese n te d  th ro u g h o u t; E is  g ive n  to  
the  n e a res t 0.01 x 10^ l b f / i n 2 , d/T . to  the  n e a re s t -100 l b f / i n 2 , 
oL  to  the n e a re s t 10~/cand G to  the  n e a re s t 1 $ . " 0'
- A . • ' ‘ - * , A' 5 ' - A  •/' :*A,; " ' 215
.S tru c tu re  o f M o u ld in g >'.• .. P ro p e rty  / > Measured . ValueA A C$
F i l le d  M a tr ix  ■ V . B '-•■•:7a
c*IVKt
Amu
oOrV)
0 ,8 3  x IQ6 l b f / i n 2 
3 600 l b f / i n 2 
7 400 ( l b f / i n 2 73/5/; 
4 ”300 l b f / i n 2 A /y
118 x i o ‘’*6/°g:a;55a:
49
/ i i /
213
P a r a l le l  F ib re  : =- 0.21
/A  A ' ..7 ’ ‘ * • A 5.7
© = 0 °  i  
\
0 = 2 ? °  ) 
- * ; © ». 51° •
© =■ 79°
,  . S = 9 0 ° . , /
r
.
-
'  V
A * .  -A:
IT anu 
"tnpu , -
L ttjtU.
CA0^ .
E. . ...
A u
.■Ex
: E* . 
A *
a  A
A / ;
oct
2 .63  x 106;‘ l b f / i n 2 
21•600 l b f / i n 2 A  
2 200. l b f / i n 2 7 . ;7*: 
I 36OO ’l b f / i n 2 'A('
5:. 000 l b f / i n 2 ( /  
17 x  ;10~6/°C  A q/A 
1 .65  x  106 l b f / i n 2
5 2007 1 b f / in 2
1 .08  x  106 l b f / i n 2
1500  l b f / i n 2 ; 7/7:
1 .08  X 10G l b f / i n 2;: 
800 l b f / i n 2 ■ -A: 
1 .05  x  106 l b f / i n 2 
1 000 l b f / i n 2: 7 ( 
85 x 106/°C
18 
15 
31 
22 
4 3-
1B
37
W a
67
.49
73;
27
50
S ym m e trica l1 Crossed F ib re :  
v f  “ ■ ° - 2/ ,  © « 20° ■
. . .  /  , © = 47° •
. . .. . ,7 A  © = 73° j
'
t
V *
A u
A
A a j
R,
A c*
2.01 x  106 l b f / i n 2 
19 400 l b f / i n 2;: / 
0 .9 2 .x  106 / l b f / i n 2 
5 300 l b f / i n 2 
1 .05  x ; (106 l b f / i n 2 
2 300 l b f / i n 2
A*
3(6:7 
- 6 - 
6 
18 
21 
33
B iased Crossed F ib re :: 
v f  = 0.21 0 = 22-J° 
10$ opposed sense
E.X
A u /
2 .10 x  106 l b f / i n 2 
6 900 l b f / i n 2 .
12
27
C lo th .: ■«. 0 .29
© ==0/90°
 ^ lt . , u r
4 5 /4 5 C
V
A i t ;  . A . ,
A -
„ '  E  X ■-
A y
1 .85  x 106 l b f / i n 2 
13’ 200 l b f / i n 2 ( ' y
12 x^ Q “ 6/ 9c \ :7/>:/7, 
1 .46  X/.106 l b f / i n 2 
12 400 7l b f / i n 2 %■; 7 r
C ontinued
TABLE XXIX.:. CONTINUED.
S t ru e tu re  o f i'iou Id in g P ro p e rty ' .'Measured Valiie ;c$
Random F ib re  Lam inate 
= 0.21
■ Except f o r  .■23fa1p> a id  
loads and d is to r t io n s  
were, .measured in  th e  
p lane  o f  la m in a t io n .
r h
fcu, .
£  r g
r P
r&kfc:
rTnpu
rtppu
1 .^Jfaxfaiohfalbf/in2  
9. 700 l b f / i n 2 i; ) 
1.30 x  106 l b f / i n 2;'
26 ; 900 ; . l b f / i h 2/:ffa v 
1 .7  x 106 l b f / i n 2.;;
:YiL
13 600 l b f / i n  
2 800; i b f / i i i 2,. 
10, '300 lb f / in *
21/ x; io~6/°c; •
2
1 2 ,
&
'f 6
8
33
Dough M ould ing Compound
v f  = 0 .1 4
v f  = 0 .1 8
v f  = 0 .2 2
1 . 89.x 1 0 b i b f / i n ^  
3 4 0 0 7  l b f / i n ^  • fa far, 
2 . 1 0  , x. TO6 l b f / i n 2
10 000:l b f / i n 2 
.1.53 x  106 l b f / i n 2 
3 6 0 0  l b f / i n 2 
1 .79 x . 10? l b f / i n 2
11 200 l b f / i n 2 .
1 . 5 7  X  1 0 6  l b f / i n 2
3 500 l b f / i n 2 
1 .69 x  106 lb : 
7 300 l b f / i n 2
The param eters l i s t e d  in  Table X X V III a r e : -
F i l le d  M a tr ix :  '• 7 r""7 -yefa .7 ‘Ifabfa'fafa.fafa, ,
Em = modulus o f e l a s t i c i t y  d e r iv e d  from  te n s i le  t e s t  
& mu = u lt im a te  te n s i le  s tre s s  d e r iv e d  from  te n s i le  te
& bu '*  u lt im a te , d i r e c t  s tre s s  d e r iv e d  • from-.' behdingvitK '
T mu “  u lt im a te  sh e a rin g  s tre s s  ;
o^m “  c o e f f ic ie n t  o f l in e a r  th e rm a l expansion favfafa.7'' "
P a r a l le l  F ib re  : ; . . . . -7' fa Z.:../7 fafafafa/v
= ' f ib r e  volume f r a c t io n ,  7 'y - '/ '7 fafafa7%
0 = ang le  between f ib r e  axes and a p p lie d  lo a d  a x is  x
= modulus o f e la s t i c i t y  in  te n s io n  when 0 = 0 !
C> fa= u lt im a te  te n s i le  s tre s s  when 0 = 0 7 fa 7,: / 7 :;fa- au ■" • . • " . - • y .y./yyp "• -.7 7 74fa;;
T anu -  u lt im a te  sh e a rin g  s t r e s s >i n . p lane  c o n ta in in g
fa y fay f ib r e  a x is  a t 0 =: 0 -and norm al to  p lane  o f '* '
la m in a tio n
Aipu = shearing stress in piane normal/:to . . -
fibre a^es at 9 = 0 A .• / . ; ,
y  - ultimate shearing stress in plane of lamination ■ apu. ' . . 0 - . yyv■ y. , j
- a -at 9 = 0  - ’’ f .;aA/A' A'yyA A-A A ' 3
= coefficient of linear thermal expansion parallel : 
to fibre axes y  A a A A A A a A  : -
:E '-modulus of elasticity;in tension along x axis- ' * )  
. at O<0<9O° i : ./ .7;3'iA  ’
« xu = ultimate tensile stress along x axis at 0<9<90°' ,
E.|. = modulus of elasticity in tension when 9 « 90 '
;>A u  = ultimate tensile stress when 0 = 90° y. A  - ' A 
oC^ = coefficient of thermal expansion:;normal to fibre '
axes - , ■ .-'3; . - • -
Symmetrical crossed fibre, biased crossed fibre, and cloth:
. Ii)
a/# Ayf ' 2 1 7'
as above.
xu
= coefficient of linear thermal expansion in plane 
- - of cloth, parallel to one set of fibre axes
Random fibre laminate: .A a , .A A- a*3
= modulus of elasticity in tension in plane bf: ,
. lamination. , - ’ . A/Av ‘ . , 3* A,A
•y^Au ultimate, tensile stress in plane of lamination 
;E' '» modulus of elasticity in compression in plane
of lamination *y 3 AA4iA‘3'- A" A A:‘y-A:A£':A ;
(j = ultimate compressive stress in plane of lamination
•• C u  y, . . . . .  . y  *71 7 ' ’ ' ‘ y .p -y".j y  *. ‘ ,
= modulus of elasticity derived from bending test 
r £ bu ” ultimate bending stress : : A A A a A ' *
rApu ” ul‘b:i-mate shearing stress in plane normalAta .plane 3 
AA . 7' ’ of lamination ■ y
rtppu = ultimate shearing stress in plane of lamination
oy A — coefficient of linear. thermal expansion in:,,plane Ar . p. . _ . . ,w -■
of lamination .. 333 7 =
Dough moulding, compound (random fibre solid): A A A  ,
E^, « modulus of elasticity in tension .a AAA ;
& -  ultimate tensile stress
E ^ = modulus of elasticity derive^,, from bending (test 
^rsbu = utTimate bending stress A  .'A'A' A-
: Comparison, o f Measured and :TheD2?e tic :a l /P ro p e rt ie s  •
,/+  ©. r  © Y In  t h is  s e c t io n ,  measured p ro p e r t ie s
w i I I  be compared p r in c ip a l ly  w ith  v a lu e s -c a lc u la te d  by means 
o f th e  a n a ly s is  p resen ted  in  th e  f i r s t  p a r t  o f the t e x t .  Forms 
o f a n a ly s is  ,f ro m . o u ts id e  sources w i l l  be in tro d u c e d - where ,th e y  
seem a p p ro p r ia te , b u t no a tte m p t w i l l ,  be made+tO5e xp lo re  the  
f i e l d  o f com posite  p ro p e r ty  resea rch  in  d e p th . ..:'/• ©Y’YV -
• A p a r t ic u la r  d i f  f i c u l t y  'which a r is e s  in  a p p ly in g  th e  /a n a ly s i 
is  t h e 4 la c k  o f c e r ta in  f ig u re s  w hich i t  was n o t co nve n ie n t to  
measure in  th e  c u r re n t  te s t  programme. S ince the+ research ; was 
d ire c te d  e s s e n t ia l ly  to  the  a p p lic a t io n  o f cpmpo.s.ite.: m a te r ia ls  
in  a •p a r t ic u la r  f i e l d  o f m a nu fa c tu re , ~ i : e in  com pression • 
m ould ing  o f : fan .com ponents, -  in te r e s t  c e n tre d  p r im a r i ly  upon 
those p ro p e r t ie s  which. w-ould most d i r e c t l y  a f fe c t  des ign  in  
t h is  c o n te x t , and ■ param eters which /were /though t to  be o f 
secondary* in te re s t : ;  d id  n o t re ce ive - a t te n t io n ,  iio  measurements 
were made, . fo r  exam ple, o f P o isso n ’ s r a t i o , ; o f  th e  modulus o f 
r i g i d i t y ,  or. o f the  c h a r a c te r is t ic s  o f  th e  g la s s  f ib re ,, used f o r  : 
re in fo rc e m e n t; and va lu es  must th e re fo r e ' be .assumed fo r / th e s e  
q u a n t i t ie s  v/here th e y  appear in  the  a n a ly s is .  ; " ■©©
I t  is  a ls o  f  ound th a t  th e / a n a ly s is  developed -.in th e  ;/ 
e a r l ie r  s e c tio n s  i s  based upon the  f ib r e  volume f r a c t io n ,  v^  as 
the  p r in c ip a l  v a r ia b le ,  whereas- in  the  te s t  programme t h is  
became a co n s ta n t and changes in  p ro p e r t ie s  were a sso c ia te d  w ith  
s t r u c tu r a l  v a r ia t io n s  o n ly  ; t h i s , /a g a in , was a -consequencb o f 
in te n t io n a i ly . ;u s in g  p r o p r ie ta r y  m a te r ia ls  in  the  form  s u p p lie d  
f o r  . fa n  m anu fac tu re . I t  th e re fo re  becomes necessary to  < base 
com parison e s s e n t ia l ly  upon s in g le  va lu e s  'r a th e r 1than  upon 
c h a r a c te r is t ic .c u rve s , except in  the  s in g le  case o f o b liq u e  
lo a d in g  o f p a r a l le l  and crossed f ib r e  systems*./ •
© • / / J .  , + © . ' /  Comparison w i l l  +be c a r r ie d  = .ou t i n
the  same o rd e r ( as th a t /  in  which the  phases o f  ana l y  s i  s/.:w e re  
d eve loped , >i,: e . ■ g /  */- - ; ;/0 •. - • - © Y ; ' /© 1 ••©
7 ' r ' ; ; . .+;/■/ P a ra lle l"  F ib re  Systems ; •. , © ''9"
■■ 7©- ©:©'/ Crossed F ib re  Systems Y ’©9 .
'•: + _ ' g 9-/b Rand om; F ib re  Lam inate s ' ' ' '
© - '■••9 Random F ib re  S o l i d s . /  '© ./© / .•
. ' * Y f. 2.18
17 *10 . . P ro p e r t ie s  o f P a r a l le l  F ib re  ;Systerns . fa':. -
■ :7H 7;10. 1 A x ia l L o a d in g . (?BeCtlon 3 0 .  y
. i The b a s ic  e xp re ss io n  fo rlth e y fa fP -
modulus o f e la s t i c i t y  under a x ia l  lo a d in g  is  g ive n  by >(.14)
E
~  « 1 + (m~1)vf
m
where.E - i s  th e  a x ia l  m odulus, co rresp on d in g  to  E^ in  th e ’y X* , ‘ ' f- * P ” 7 . • \ ' ’ , -r • -e < * 7
ta b le s  .o f  measured v a lu e s , E is :  th e  modulus, o f th e  f i l l e d  ■' m E - - -7-7
m a tr ix ,  and. m. i s  the  m odular r a t io  f /E  . "■.•.y.7 -^’V, * :y ‘7 m
. The measured va lue  o f E was found to  have ah/average 
o f 0483 x  10 - l b f / i n  . In -,th e  absence o f t e s t  f ig u re s : f o r f g la s s J  
the  s tanda rd  va lu e  f o r  Ev, o f  10 - l b f / i n  g iv e s  m; = 12.05? and 7
th e  va lue  o f Ea f o r  v^ ~ ;0 .21  then  becomes 2*76 x  l o L i b f / i i i 2 , 
compared w ith  the  measured va lu e  o f 2 .63  x  10b . ; • ■ ,7
. T h is  agreement i s  n o t un reasonab le . The low e r va lu e  o f  
the  measured modulus c o u ld - 'a r is e  f ro m :-  >: / , : ; 7  ■
(a ) A lo w e r a c tu a l modulus f o r  the  f i b r e s , , , 7.,77-y • ' fa
(b ) Waviness in  th e ' f ib r e s  due to  sh rinkage ', .or y y .  f 
7 (c) An in c o r r e c t : va lue ;/o .f ; -■ : /.'• ; 7 • fa
■Since v^ co u ld  n o t c o n v e n ie n tly  be measured, assum ption (c ):
cannot be checked; b u t v/aviness Was known to  be present-, in  the  j 
n o m in a lly  p a r a l le l  f ib r e s  o f most o f th e  m ou ld ings, and i t .  - 
th e re fo re  seems a p p ro p r ia te - to  a llo w  fox* fa c to rs  (a ) a n d /(b ) 
to g e th e r  by re d u c in g  m to  an .e f fe c t iv e  va lu e  o f 9 f o r  use in  
th e /a n a ly s is ,  which- fo llo w s ,. y 'v ,  V - ■ .7 /  / y y y y 'y
With m,- = 9 and v^ V  0 .2 1 , Ea above then/becomes: 2 /68  x - 10?
As f a r  as a x ia l , s t r e n g th  is  
concerned, no r e a l com parison -is p ra c t ic a b le  between-; th e  ’measure 
va lu es  o f  and the  th e o r e t ic a l  s t r e s s / p  au upon w hich fa’ig  .47
(S e c tio n  1 0 .3 *1 * )  i s  based, because th e  mechanisms o f f a i lu r e  
do n o t co rre sp o nd . Theory assumes the  lo a d  to  be e ve n ly  shared' 
by the  f ib r e s  a f t e r  the  breakup o f the  m a tr ix ,  so th a t  f o r  a l l  
b u t th e  low est va lu e s '-th e  u lt im a te  s tre s s  is  g iv e n , from
(2 0 5 ) , b jr : -  / '  ) y . 7 / '  — 7  ;
^ a u  - f a e y L y  ■ 7 7 : /  ,, f a f a f
A g a in ,y -  O was n o t measured, b u t th e . s ta nd a rd  va lue ; .. 
o f  3 x  10^ l b f / i n  used in  the  e a r l ie r  a n a ly s is  would g iv e y -  .
a va lue  f o r  vfa/- = 0 .21 o f 63. 0.00 lb f / in fa ,  a g a in s t the  measured
va lu e  o f 21 600. The, p r in c ip a l  seui/ce o f-d is c re p a n c y  here l ie s  
in  the  manner, i u  which the  m a tr ix  d is in te g ra te s  p ro g re s s iv e ly  
th ro u g h  shear;' and bond f a i lu r e s ,  a llo w in g  th e  f ib r e s  to /  f a l l ,  
i n  success ion  .a t ‘w id e ly  separa ted  w eak-po in ts , which beeomey77;
" A a :aa3 A  '~6A A  a  a : A (A ( ;(+:A;>‘A vl ii/ /:/ ;:nAAy3;.;; y;A/GAA-y:AA5;rA::AAA^AA
connected ‘bhrough matrix fractures. . * 'A '*
7 (By/analogy with the reduced 1 effective1. value ofm./-: . 
suggested earlier, it might he possible to ipostulate/hiAAAAAri 
* effective tensile strength for the (glass /of3 say,.-10./flbf/in"" 
which could be used in future analysis to allov/ in .some 
measure for the observed failure mechanism .((This wou 1 dig iy e/»=•(■ 
in the present instance-, a tensile strehgth/fop; theeparal:le££i: 
fibre composite of 21 OOAlhf/in^*^A A 'A - A / - : 3 y A A 7  A A aAAa /3( y, j  
The-usefulness of these 1 effective1 v a l u e s - ( A A / A r7 
assessed by attempting t o., introduce them into " later expressions.; 
similar modified figures (may ...be ' developed (as comparison fprbceeds
A y  ‘ 17*10*24 Lateral/Loading. (Sectioh/;4)7:y/AyAA’AAiAA' '"-//A
(•.(' .A y  I t  is  c le a r  th a t  the  sp a tte ryo A A A ; A ( A 
r e s u l ts  on the  measured la t e r a l  m odulus,.'.toge the r; w ith . AhA-A A ^  = 
r e la t i v e l y  low  va lu e  o f v^ used, p re ve n t t h is  v a lu e f ro m A :A A ./'' 
b e in g  assigned to  any-/.one; o r o th e r o f th e  d i f f e r e n t  7inoduius73v j«4 
curves, d e riv e d / i n  s e c t io n  4 ; c o m p a r i s o n ; ( - - C a n ; ; : t . h e r e . f y ' 3 
l im i te d  to  the  s im p le s t la t e r a l  modulus/ cu fve  ( g ive n  bA>/'7-5' ' :
e q u a tio n  (66) - ( ■ • ( A A /  . ' : 4A4AAA:4/3
f t  = -1 + f(e® V f - - 1 ) ; y ; A  : /" A  (
m where f = 0.2806 - 0.00506m0,6
( 66)
g = 4.71 - 4.24.’n-0,5
For the  measured case, u s in g  m =' 9 and , V - = 0 .21 , Ayy- ' •</ ' A . O ; X ‘ * 'y. ’■ v. *. ' :
w ith  E„ ~ 0 .8$  x 10 l b f / i n  , the  th e o r e t ic a l  va lue  o f EA;Iii ‘ /y A 7 A Q > 7/ •; ■ ■ A' 714/’ Ay.) A'
a t © = 9 0  becomes 1 .04  x 10 l b f / i n  , as a g a in s t the  measured 
f ig u re  o f 1 .05* AA. . . ’■'A -Ay 3 A A : ''A A lA /A A y y A A .;.-  - • 3
W hile th e  r e la t i v e l y  good agreem en t(In  t h is  case must be .4 
regarded  as be ing  to  a la rg e  e x te n t f o r t u i t o u s ,  i t  is  w o rth A  A  
n o t in g  th a t  th e  e r ro r  i s  on the  /c o r re c t  s id e , s in ce  (theyreduced  
m odular r a t io  o f 9 was in tro d u c e d  p a r t ly  to  a llo w  f o r  w avines3 ,, 
i n  the  moulded f ib r e s ,  which would be expected to  have a f a r  
la r g e r  e f fe c t  under a x ia l  than  under l a t e r a l  lo a d in g  ;,7 fo r( the- .A 
l a t t e r  case a h ig h e r va lue  o f m v/ould be more a p p ro p r ia te . Use 
o f  the  o r ig in a l  va lue  o f 12 in  th e  above e xp re ss io n  g iv e s  , / 
E.. =.. 1 .06  x  -106 l b f / i n 2 .' ' ■ /A ' / A  * ' ■ ./ ' ' ■ A 3 ( 3 a /  v A / i
As in  the  case o f a x ia l  te n s i le .  7"7 A ' 
s t re n g th ,  i t  i s  d i f f i c u l t  t o .c o r r e la te  . th e o r e t ic a l ,w ith  
measured la t e r a l  s tre n g th  because the  mechanism: o f  / f a i lu r e / ' -  .(•:// 
in  the  te s t /b a r s  i s  n o t the  same as th a t  upon, which a n a ly s is  
was based. The th e o ry . s e t ou t ;in>-=104(3*;2V is /  baseid/upon; bond/-, ./• -I 
f a i lu r e  o r te n s i le  m a t r i x ; f a i lu r e ; observed fa i lu r e ( in v o lv e d  3
■ A';- A -• - AA- A' ' 4V. A^ A* 3- . 4(/* /> *,xf-.y-• 3, vy. £444 AA'* '-y *<J
s e p a ra tio n  o f the  f i la m e n ts  w ith in  th e . s tra n d s  due to  inGomplet.e
im p re g n a tio n .- The nea re s t, s y s te m + ta ^ ^ s /^ ^ h d v ^ h b 'd ^ y -  would , 
be th a t  r e la t in g  to  bond f a i l u r e ,  causing  the  f ib r e  to  have 
no fu r th e r  c o n t r ib u t io n  to  la t e r a l  s tre n g th ,  as in d ic a te d  in  7
F ig .4 8 c . The th e o r e t ic a l  s tre n g th  is  th e n •g iv e n : a p p ro x im a te ly  ;
by e q u a tio n  (.20?) © ' /+ Y  '■ t
4 *  = : Y U  • - i *128F t )  + 7 © ;
221 I
where is  the  u lt im a te  la t e r a l  s tre s s  , n e g le c t in g
c o n c e n tra tio n s  due to  the  presence o f  th e  assumed c y l in d r ic a l  
f ib r e s  in  the  m a tr ix ,  and Is  the  u lt im a te  s tre n g th  o f .
th e  m a tr ix .  ©;. .-©.•• •• .. . • ...
The measured s tre n g th  o f the  m a tr ix , was 3 6,00 l b f / i n  .,
g iv in g  from  (207) a va lue  f o r  la t e r a l  s tre n g th  a t vw =-;;0.21 o f 0 
1 700. l b f / i n  ; the  average, measured value/.was 1 000 l b f / i n  .
I t  would be easy a t t h is  p o in t  to  suggest' th a t  the  th e o r e t ic a l  :? 
s tre n g th  co u ld  be b roug h t . in t o  l i n e . w ith  th e  measured va lu eY  
by in t ro d u c in g  a s tre s s  c o n c e n tra t io n  fa c to r  o f about 1 *7 , b u t ; 
w ith  f a i lu r e  depending upon m ixed f ra c tu re s  in  f ib r e s  and © 
m a tr ix  In  a com posite  o f n o - f ix e d  f ib r e  a r r a y  p a t te rn ,  p ro b a b ly  1 
w i t  h io c a L ^  v .a rla t.rons  o f 10 o r 15$ and a superposed system o f 
s h r in k a g e . s tre s s e s , t h is  m igh t be regarded  as a r a th e r  sweeping j 
g e s tu re . The c o m p le x ity  o f th e  s t ru c tu re  i s  in d ic a te d - .byatfte . 
c o e f f ic ie n t  o f - v a r ia t io n  o f 50$ 011 t e s t  ba rs  .made . in  th e  same 
way, from  the  same m a te r ia l,  and d is p la y in g : f r a c tu r e s ’ o f more j 
o r le s s  id e n t ic a l ,  appearance. I t  is  d o u b t fu l,  In  f a c t ,  whether 
a n y /p u re ly  b a s ic  th e o ry  co u ld  approach use fu l-.;accuracy in  
d e a lin g  w ith  la t e r a l  lo a d in g  o f com m e rc ia lly  m oulded/system s, 
o th e r tha n  on a s e m i-e m p ir ic a l b a s is  in v o lv in g  s t a t i s t i c a l  
a n a ly s is  o f numerous measured v a lu e s . On the  o th e r handy th e  
obvious weakness o f the  p a r a l le l - f ib r e  system in  t h is  sense 
shou ld  p re c lu d e  the  des ig n  o f s tru c tu re s  in v o lv in g  tra n s v e rs e  
lo a d in g  o f p a r a l le l ,  a r ra y s , so th a t  a c tu a l e v a lu a t io n  o f  :th e  
s tre n g th  in  t h is  d i r e c t io n  shou ld  be o f secondary im p o rta n ce . • 
B ehav iou r under tra n s v e rs e  lo a d in g  does, o f  course;,;. a f fe c t ;  the  
mechanism o f c ro s s e d - f ib ro  system s, even-when: the  m ain Toad- 
b e a rin g  f ib r e s  are a x ia l ;  t h is  . w i l l  be d iscu sse d  in  more d e t a i l  
when d e a lin g  w ith  t h is  type  o f s t r u c tu r e .  ©
1 7 *1 0 .3 • O b lique Load in g . (S e c tio n  7) Y
The th e o r e t ic a l  e xp re ss io n s /u p oh b  
which com parison i s  to  be based are summarised in  e q u a tio n  
( 155) ,  o f which the  re le v a n t  p a r ts  are se t ou t b e lo w :-
2 2 2
Ex = ( a -  b .c o s 20 -■ c . s in 220 )~*^
Ea fa'l'fa” fa77 ' '77 '’fa-fay ,7y V- ■ V  'fa 
whe re  a,' = ■; \ ( ?a ;+ 7 )
'■ -■:""i-;$.;■ *r'i'is; ■ 4 ) L f a f a y . '  .7 ■ : Lfa.fa.._ fa'.,/:
7 ' -fa '"fay 7' fay .fa : fa"-. ,.Et  fa fa’Yfa ; ■■, 7  7 / .  ’ 7:7
• '.fa'/. :. /fa -'fa4 fa; ? c ::.= i(1 : 4 2T?ta + fa -  f a . y  - .7.7 /fa'. ;-fa
77:Lfafa;;7/7 . / ' ■ ftt ' Ga t ' -., '■ / ; fa/, .fa*'' "
s.fa. Tn these exp re ss io n s  ,7 is  the  re q u ire d  modulus o f  /;.. 
e la s t i c i t y  a t an angle  @ to  the  axes o f the  p a r a l le l  f ib r e s ,
E i s  the  va lue  o f E a t © =..0, taken  from  Table X X V III to  be 
2 .63  x  10 l b f / i n  , E^ is  th e  modulus a t 0 = 90 , aga in  measured1 
as 1 .05  x  106 l b f / i n 2 , i s  the , r a t i o  o f la t e r a l  to  a x ia l
s t la in  under a x ia l  lo a d ih g  a t © -  0 , and (fa ^  i s  th e  modulus 
o f r i g i d i t y  f o r  shear- a p p lie d  in ..a  p lane c o n ta in in g  the  f ib r e  
a x is ,  (fafafay/ / fa7 > • '• '"■'fafafafafa-ffa'fa'’ •' - '- /y ly  ' ■;./ •"; - '
No measurements were made o f th e  la s t  two q u a n t i t ie s ,  f o r  
which va lue s  w i l l  th e re fo re  have.-to be assumed.
Taking- the standard values Tfa = 0.35 and Tfa ~ 0.25, and 
assuming. ••e.q-uat'ion-'.' C#3:) to be reasonably accurate when m =79,. 
this expression , gives, for vf = 0.21, = 0 .32 • fa’7-yfa' 7y.fa
/U s in g  e q u a tio n  (731) f o r  (fa^ , and; ta k in g  as Em/£ (y \  +7$ ’ 
g iv e s  “  0 .332  x-'70b l b f / i n 2 . • ' f a 'y
y .  = 2 .6 3 (1 .7 5  -  O.75cos20 + O .6 5 2 s in 22 0 )“ /'x  106 P
, 7 ; . - : /  7 - - ;7 y . - , .  ~ i ' y p b ' - -  /  ■ : - ■ l b f / i n 2 (295)
, T h is  e xp re ss io n  a p p lie s  to  th e  case where fre e  shear *:
d is t o r t io n  unde 3? fa a x ia l  load: i s  p e rm it te d ; when s u c h .d is to r t io n  
i s  t o t a l l y  p re ve n te d , equa tion . (759) g iv e s  . .y  , ' y
E l fa-lfa :;77./ 1-X? ...I-' fa* /’ * "fa fa 7
■ Ex ' ' 7 -  f s  .E. '
p -*■Q  . ■ . . . .  • 7. . ,. t ; cy x  . . • ... ■ .. . - 7 . / ' ... /'•.
where- E f. i s  th e  m o d ifie d ’ fo rm  o f  E f o r  t h is  c o n d it io n
y 7 .  '..■■■ X .  , y  v .y .--. y  ■ - X  ... / - b y 7
"fa. 3 - 7^xy ds ^ ie modulus o f r i g i d i t y  f o r  shear a p p lied - 
in  th e  p lane  o f the  f ib r e s  a long  axes p a r a l le l  
.((■and. norm al to  the. lo a d  a x is  x ,  and is  g iv e n  by
• 7 : • ' ...y.X «  (.1. + 4c . • a t . s in 220) "9 i -7? - -7v,: -
7 - : 7 - " 7 / y ' ;  f a t  y / y y y  I 7 , / y 7 / y / / :y ;
/ Q 7 I s  a: modulus e xp re ss io n  shear d is t o r t io n  In;/., ... 
term s . o f a p p lie d  a x ia l s t re s s ,  g ive n  by yfafa.7
(159)
Using va lu e s  a lre a d y  q u o te d , (159) g iv e s :~
■ 0.0557 x :106E  sin2 29(0.75 + 1 0 3 0 4 cos29)°
I- — • + ■■ X  - . • . 0  0 -0 '.~  ■
: : “  - . ~ ~ p .  .
1 0)3S7s in 29.
( 2 5 6 )
and E 1 are b o th  p lo t te d  in  F ig .105, to g e th e r  w ith
■ X  X  - '0  • : '0 '+0.' ;
group average va lues; f o r  p a r a l le l  f ib r e  te s t  p ieces  and a ls o  fo r /  
sym m e trica l c ro s s e d / f ib re  specim ens, which w i l l  be' r e fe r r e d  to  I 
in  a V fo llo w in g  s e c t io n .  • X,, *. . ' . • J
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Fig.105. THEORETICAL. AND MEASURED VALUES OF 
AXIAL MODULUS OF E L A S T IC !Y Y ^ E R a 
OBLIQUE LOADING. ’ + 0
Agreement i s  seen to  be reasonab ly  good f o r  the % J
p a r a l le l  f ib r e  c a s e / The mechanism o f a x ia l  te s t in g  bebweer |
s e l f - a l ig n in g  yvedge g r ip s  in v o lv e s  a- system 'in te rm e d ia be berv/eedj
the  ? fre e  s h e a r1 case upon-'which the  £ ; curve  b is  basedhano+bhe■ "77 7  : X • ./ 7-.+•"•••...7 .7.4 •7;7777::0- ,
1 n o -s h e a r1 c o n s t ra in t  rep resen ted - by the  curve .- fo r. .J^ Y^ Ly /s b /Y h a t 
th e  p a r a l le l  - f ib re  va lu e s  shou ld  l i e  between the  two c u r v c - s .
‘ -Equation ( 155) To r.E  i s ' s e n s it iv e  to  the  va lue  o f G.
X : 7 ' 7  < 7 - 7  - ■ +  ;+ + ;  + / + . + ;  7 + + / 7 / + / 7 7 ' + d 7 7 + ; ;
which, was. no t measured; . th e /b ig g e s t "term Yin ;th Y 'Y xp re ss r;cp/7or:
th e  co n s ta n t c i s  . th e  r a t i o  o f *157to  G ,. 7 which ;Y r i-Y h iY  chseYf;• ■' ,-'"-a.a-■/" 0 + 7 :o-
comes to  6.75 w ith  the  assumed va lue  o f 0.39 x 10^ l b f  / i n i  
I f  G ^  were 10$ la r g e r ,  c would become ~ 0 .5  in s te a d  o f -  0 . c.32
and th e  curve f o r  Enr would become m o d ifie d ; to  the  e x te n t1
. » ,  ^ . . A  /‘■7 f, - «7v** N /d j.'b ;  ’ , .7." * ' * b" 7 . . .:vj , ,• g, s ;* 7 +."+7 ,
in d ic a te d  by th e  broken' curve  in .  F ig  . 105* /T h is  is  c lo se / to  tfae 
measured v a lu e s , b u t /the-, e xe rc is e  o f m atch ing  up in  t h is  ..’ay * 7 
is / in v a l id a te d  by th e 'in d e te rm in a te  c b n s tra ih t /s y s te m /h b p lie d  / 
d u r in g  te s t in g ,  as s ta te d  abmve ,7ahd b y /th e v: a ssoc ia teY d rob le rnv , 
o f  d e c id in g , in  .any. d e s ig n  case , w ]h^hbiY;tAd7sy^^ 
c o n s id e ra t io n  w i l l  in v o lv e -  a c le a r ly v -d e f ih e d /c b n s tra l2Y ;/o f  '©: ; „
e i th e r  o f th e  type s  which have- been s p e c if ie d .7  +•/ . 7 -:’: — 77/7 •;*. •/ 
. 7 ..-/.I t  th e re fo re  seems /more ^ea^'dnate ie© ^ 
m a te r ia l used in  these, . te s ts , /-.equation , ( 25J>)” i n / i t s .- stated-;'/iarm  
v/hen the  m a te r ia l i s  assumed t o ; be used in  the  nom ina l absence 
o f  shear c o n s t r a in t . vvhere ;a . d i f f e r e n t  - f ib re : e b r ite n tr is d u S e d ';
e q u a tio n  ( 155) may be used '.W ith .th e  assum ed/values "vZTV©- 4  0 .32
. . . . ;  g ■; p. - ;-7- " •. 0 7+77 7- + • 7 7 7 ’ 7' •(/■y Q 0 V
and G ^ ; = 0 .39  x  ,10 l b f / i n  , E a and 'b e in g  :mbasured ,or70+,;:+
g iven; by ,.equa tions (14) and ( 66) 7with;;m -  -..:9i v Y ; . 07/7 7 /7 / ' 7+ '•
7 ’ 7 + 7 - 7  ; ; +  . /  -• +  ,•'.■ C o n s id e rin g  now th e  mechanism o f  7 f
0
t e n s i le  f a i l u r e ,  re fe re n ce  to  F ig .53 suggests th a t  .in  the 
absence o f shear. .cO nstrai h t  th b ;Y b ta i+ T a llu re  ; envelope' c'q|/iprisq.|] 
segments o f > a x la l7 .te n s lle //u lt im a te 's ih c e s d  /  o   ^ /u lt im a te / i f t -  ' 7‘-!a  r  X X  7 ; T ' ; ? + 7 +  < +  ~" 0 + j
p lane  sh e a rin g  s tre s s  • 77 i-T+.Y>.and u lt im a te  t ra n s v e rs e / te n s iT d  "'7j . > 1 : --7 "00+' 7 7  ' .- ” ' ; 7  +
s tre s s  . (y . These envelope, segments are g iv e n /b y  e q u a tio ns* © '• > . Yr *
(2 1 7 ):- 7 0 +  J  0 + '  2 6 ^w aua + x x
1■'+ cos 2©
^  2 d , , .  ......................................................................................................................................
■ + x x  - — M r ;;0+;7:"C.2i7-)
1 -  COS2© .
7  - ■ - Y a t u -a tY x x
■' ' s in29
From Table XX.iXi., <o •+•>; 21. 600 l b f / i n 2 , d
p ' 'V  . - . - 5 Yw- 7
l b f / i n  , and C—, .  ta k in g ., d  . t-'o-b'e th e  re le v a n t v a lu e 7otOLl ‘v+; .7,7 ' ;cXpu. 'J ** ' •' •© • - • ' * - ■* >■ •25 000 l b f / i n  . The r e s u l t in g  •••strength7bhyql;bpb;'.’i ^ L d iir fs Z -^ E e s !  
sh e a r1 system , i s ; p io t te d ; in >  F ig .106•

' A I s i v s e e n  th a t  the  a v a ila b le  group va lu e s  from.. AGS 
the  t e s t  measurements ..agree .W e ll w ith  the  ■*.
the  r e la t i v e l y  sm a ll number o f r e s u l ts  ra is e s  a p o s s ib i l i t y  o f 
f o r t u i t y .  In  p a r t ic u la r ,  re a d in g s  a t about 10 and 30° would 
have been v e ry  h e lp fu l .  . 7 ’ ■ A ■--=
1 7 *1 0 .4 . Shear Load ing . (S e c tio n s  5 and 6) v
I t  was n e t found c o n v e n ie n t'/to  c a r ry  
ou t te s ts  f o r  .the modulus o f r i g i d i t y  o f ..the m a te r ia ls  used, s 
no d i r e c t  check can be e f fe c te d  upon the  modulus exp ress io ns  
d e r iv e d  in  S e c tio n s  5 "-and 6. * . / - / •' ■' 1 . ' • 3.1 ,
■ The e xp re ss io ns  fo r ( s t r e s s  d is t r ib u t io n  in  the  same 
s e c tio n s  le a d , how ever, to  th e o r ie s  o f f a i lu r e  deyeloped 'in  
paragraph 10 . 3*3 ** and some comparison, may be made here .y /ith  
the  s h e a rin g 3s tre n g th  measurements on p a r a l le l  f ib r e  tdsiA-.bars 
. V.'. 'A '  • , ; ' I t  i s  ‘ f i r s t  necessary  to  compare
F ig s .50 and 51 w ith  the  nom enclature o f Table XXIX'. in  o rd e r 
to  id e n t i f y  the. modes o f f a i lu r e  which are be ing  co n s id e re d .
/A T h is  id e n t i f i c a t io n  i s  summarised in //F igv-i07  •
y ir r  i m  a t  s  Fffe a r  in  <3 s T R E s s A o i^ ib N ^
A  =  PARALLEL FIBRE SYSTEM. A f /G A A fA A G
The th e o re t ic a l^ a n a ly s is  wasr.based 
upon a square a r ra y ,  and th e re fo re  id e n t i f ie s  TA a n d lA  •,A A' A ’  i "* A- k 1 - - ’ y . «. * ' «= . ' , <3.11 U. ,•>*'' .
e q u a lly  as In te r la m in a r  shear may be taken to  a c t / ~
e i th e r  across th e  f ib r e s  ( X  npU) o r a long  them ( T 0:-bu5
y  j  A'A.,/. '■ ; • -,7*3 '   • A' 43A  ; ,a ' A A A a
anu/;f • •; ... ■ -. 7 7-. -A . :7-AaaGA . - .7 V A 'A A '’
T ‘ A ■ '* . 1A;. ' T h e o re t ic a l u lt im a te  s tresses.1/a re
g ive n  by:™ • a ;  ."' A" .,,7' j ■ ’ / . . '7 .AAA7 A" AAA -’A .
2 2 ? )
X  = --------------- -----------------775—  (214)atu  ^ /✓! 0 0  . ri CJi /fa1 + y f (1 .2 ?  + 0 .61 /fa f)
Gm
or: -  (1 -  2^ "  ) T mu ( 215)
w h icheve r i s  g rea te r*, In  (214) ,
^ h u  re p re s e n ts  the  bond s h e a rin g  s t re s s ,  f o r  which, a g a in  no 
measurements have been made in  th e  m a te r ia ls  under re v ie w  
because o f the  d i f f i c u l t y  o f assess ing  t h is  p ro p e r ty .
The measured va lu e  o f was 4 300 l b f / i n  , so th a t  frommu p
( 213) T t t u  is  a ls o  4 300 l b f / i n  . T h is  is  to  be compared w ith
X  , the  m easured 'va lue  o f  which was o n ly  1 600 l 'b f / i n 2 ; the  u npu ’ J 7
p r in c ip a l  source o f d is c re p a n cy  is  p ro b a b ly  the  assum ption in  
the  th e o ry  th a t  the  f ib r e s  are. so much s t ro n g e r , th a ri the  
m a tr ix  in  shear th a t  th e y  a c t as pegs, whereas in  fa c t  the  
poor im p re g n a tio n  o f the  s tra n d s  in  the  te s t  specimens caused 
them to  f a i l  a t v e ry  low  d ia m e tra l shear va lu e s  th ro u g h  
s e p a ra tio n  o f  th e  f i la m e n ts .  I f ,  ta k in g  the  o p p os ite  extrem e, 
the  f ib r e s  are assumed to  have no d ia m e tra l shear s tre n g th  a t 
a l l ,  and a c t m ere ly  as h o le s  in  the  m a tr ix ,  the  va lu e  o f 
becomes the  same as th a t  o f  X  as g ive n  by ( 215) ,  i : e : ~
7  -  #  >fanu <257)
When = 0 .2 1 , then  becomes 2 080 l b f / i n  , ta k in g
th e  u lt im a te  sh e a rin g  s tre n g th  o f the  m a tr ix  to  be equa l to  
th e  average sh e a rin g  s tre s s  between the  h o le s . I f  th e  f ib r e s  
are fu r th e r  ta ke n  to  accept no bond shear a t the  in te r fa c e ,  
w hich i s  a reasonab le  assum ption i f  the  su rfa ce  f i la m e n ts  are 
n o t e f f e c t iv e ly  bonded to  those  deeper in  the  f ib r e ,  the  shear 
d is t r ib u t io n  between f i la m e n t s 'w i l l  approach a p a ra b o lic  form  
w ith  a peak va lu e  o f 7 .5  tim e s  th e  overage; (257) then  becomes
T t t u  -  0 .6 7 (1  -  2 j f  ) t mu (258).
O
w hich g iv e s , u s in g  the  above f ig u r e s ,  = 7 400 lb f / i n *ul/U
F u r th e r  development o f  t h is  com parison 
would be unw ise , s in ce  o n ly  one f ib r e  volume c o n te n t was 
a v a i la b le ;  bu t it-se e m s  c le a r  th a t  the  shear s tre n g th  in . a 
p lane  norm al to  th e  f ib r e  axes i s ,  in  the  m a te r ia l te s te d d in  
t h is  programme, s e r io u s ly  reduced- by. th e  poor im p re g n a tio n  o f 
th e  r e in fo r c in g  s tra n d s . For com m ercial m a te r ia ls  o f t h is  ty p e , 
e q u a tio n  (258) m igh t th e re fo re ,  in  the  absence o f fu r th e r
in fo rm a t io n ,  be used to i g iveVa s u ita b ly  c o n s e rv a tiv e  .es tim a te . 
o f  faor d e s ig n  purposes. ' " / !n pU ; , j
The th e o r e t ic a l  s tre s s  *•* a^u g ive n  by :
(214) and (275) i s  to  be compared w ith  Tfa • and w ith  ■ T - P ,  th e  ; 
measured va lue s  o f which are re s p e c t iv e ly  2 200 and ,5 000. l b f / i n "  
I n  a t r u l y  square a rra y  the  tw o .va lu e s  would be i d e n t i c a l /  a s . 
• In d ica te d  in  the  theory ;- b u t the  a r ra y  which e x is ts ,  in  the  te s t  ; 
m ould ings i s  an approxim ate arrangement o f p a r a l le l  rows which 
in tro d u c e s  an a d d it io n a l o rd e r o f a n is o tro p y  as shown in  
F ig . 108. fa. y
Fig.108. TRUE FIBRE ARRANGEMENT IN PARALLEL 
FIBRE LAMINATE. fa/fa-
The average va lu e  o f v^  (0 .21  in  
th e  te s te d  system s) is  ach ieved by a lte rn a tin g ,b a n d s , o f pure 
m a tr ix  and o f f ib r e  c lu s te rs  re p re s e n tin g  a h ig h  f ib r e  d e n s ity .  
I f ,  s im p l i fy in g  the  system to  i t s  l i m i t ,  th e  s t ru c tu re  is  
ta ke n  to  com prise a lte r n a t in g  la y e rs  o f t h is  type  such th a t
a p ro p o r t io n  vm o f u n i t  volume com prises pure m a tr ix  w h ile
a volume com prises com posite hav ing  a u n ifo rm  f ib r e
volume f r a c t io n  o f  v ^V ,' th e n  i f  the  o v e ra l l  f ib r e  volume 
f r a c t io n  i s  v ^ , 7 ■ ■
 f
1 4 ym (259)
I f ,  now, **'Ca-t;u l i s  The va lue  o f *^*atu  co rre sp o n d in g  to  
v f a , and i f  the  f ib r e  arrangem ent w ith in . th e  com posite la y e rs  
is  t re a te d  as a square a r ra y ,  then  by re fe re n c e  to  F ig .1 0 8 , .
\X  =  f a  " : 1^anu a tu mu.
sGand "fa « fa  . fv  + (.1 -  v ) ua t ; T.‘ ^  / l i t i  p T ( (267 )apu mu*i m A m g—v ( le v  m i  u ra ru  v ■ , '
, . ( 2 f a
;;/ , ■ Gat‘ ; 7- '.. "fa fa fa ■ .fa" ’ fayfa
'74whichever, as s m a lle r ,  fa’.
■ • 2 2 0 '
In  th e s e  . e x p r e s s i o n s o b t a i n e d  by p u t t in g
v_ »-ry  •» in  (214) o r (2 1 5 ). The fo rm er e xp re ss io n  in v o lv e s  the
bond sh ea ring  s tre n g th  T ,  , and the la c k  o f in te r n a l  bond 
observed in  t e s t  f ra c tu re s  im p lie s  th a t  is  sm a ll enough
to  in v a l id a te  (214) in  fa v o u r o f (215 )*
C m *.The r a t io  . a t/G ffl is , g ive n  by e q u a tio n  (.131) •
Ga t '  = 1 + f ( e s ,v f  -1 )  ("131)
~TTm n (-
where f  = 0 .2806 -  0 .0 0 5 0 6 .nu *D
-0.54.71 -  4 . 34n
I f  m « 12, ^ m = 0 .3 5 } and V ^  -  0 .2 5 } then, n = 13 and (131]
becomes:
Ga t '  = 1 +0-.257(e2 -51vf ' - 1 )  (2 6 3 )
Gm
R e fe rr in g  to  (2 6 0 ), com plete f a i lu r e  occurs th ro u g h  
the  a p p ro p r ia te  la y e r  when the  a p p lie d  sh e a rin g  s tre ss , reaches
e ith e r  1 A . „ '  o r w h ichever is  lo w e r; in  th e ’, p re s e n tauU IiiU
c o n te x t the  assum ption o f a low  bond sh e a rin g  s tre n g th  means 
th a t  T a^u ' w i l l 'b e  lo w e r, by re fe re n c e  to  ( 215) •
I f ,  however, f o r  sh e a rin g  in  the  ap p la n e , the  ’ g la s s ' 
la y e rs  f a i l  f i r s t ,  the  re m e in in g  m a tr ix  can s t i l l  s u s ta in  a 
s tre s s
= y  i v ' i  -  v (264)apu^j Am p m v 7
o r ,  i f  the  m a tr ix  f a i l s ,  the  re m a in in g  ’ g la s s ’ la y e rs  
cam s t i l l  c a r ry  a s tre s s
<26Aapu2
The o v e ra l l  f a i lu r e  mechanism f o r  th is u p la n e  i s  th e re fo re  
com plex, and th e  t o t a l  f a i lu r e  envelope i s  d e r iv e d  in  F ig . 109 
from  curves re p re s e n tin g  (2 6 1 ), (2 6 2 ), (264) and (265)*
V is u a l in s p e c t io n  o f a number o f c ro s s -s e c tio n s  suggests
an e f fe c t iv e  va lu e  f o r  v  o f  about 0 .5 }  .'at;- which £ ig .1 0 9  o f fe r s
th e o r e t ic a l  va lu e s  f o r  and . o f about 1 200 and/-j ciiiul ctp\X
2 150 l b f / i r A  r e s p e c t iv e ly .
These are much lo w e r than  the  measured- va lues,- b e in g , , -  
re  s p e c t iv e ly  45$ and 57$ down. A p rob a b le  c o n t r ib u to r y  fa c to r  
becomes e v id e n t from  v is u a l e xa m in a tio n , which re v e a ls  th a t  
th e  g la ss  c o n te n t,  though lo c a l is e d  in  la y e rs  as assumed in  
th e  above a n a ly s is ,  tends to  b e / ’ packaged.’ A / ib h in ; / I ts  layer,-,;;
as in d ic a te d  in  F ig . 110. because o f t h is ,  v iA „ „  i s  n o t genera tedcl X1U.
Fig.109. SHEAR FAILURE ENVELOPES IN 
PARALLEL FIBRE LAMINATE.
  fracture due to l^,nu
•J#V’&?A.. ~/£fc6«syj,,*b
A'&fifi'**
'fracture due toR py
Fig.110. FILAMENT PACKAGING IN PARALLEL 
FIBRE LAMINATE.
1 y: ■ • . ■ • y •• • • • - ‘7  : ' • •: ' : . .. 2 3 1
th ro u g h  a co n tin uo us  p lane o f h ig h  f ib r e  c o n te n t, bu t
th ro u g h  a s e r ie s  o f  f ib r e  packages separa ted  by pure m a tr ix ;
w h ile  fa . . .W ill tend  to  a c t on an i r r e g u la r  face  . jo in in g  apu
s tre s s  c o n c e n tra tio n s  occasioned by the  f ib r e  packages, doth
s tre s s e s  may th e re fo re  be expected to  have h ig h e r va lu e s  than
those suggested by F ig .109, b u t the  la c k  o f te s t  in fo rm a t io n
would make fu r th e r  developm ent o f th e  th e o ry , to  accommodate
a more re p re s e n ta t iv e  f ib r e  d is t r ib u t io n ,  r a th e r  academ ic.
I t  is  a lso  necessary to  r e c a l l  th a t  the va lues  f o r  fa ^
were ob ta in ed  by a short-beam  shear te s t  under th re e -p o in t  ,
lo a d in g , which in  e f fe c t  te s ts  o n ly  a s in g le  p o in t  in  the.
beam and must th e re fo re  be expected! to  o f f e r  an exaggera ted
va lu e  f o r  the  u lt im a te  sh e a rin g  s tre s s .  A more reasonab le  va lu e
/ 2i n  t h is  case would be about 3 000  l b f / i n  . •
For 011 the o th e r  hand, the  mode o f te s t  c o u ld  beanu7 7 . - /
expected to  o f f e r  a reasonab le  v a lu e , so th a t  a w o rk ing  f ig u r e2o f about 2 000 l b f / i n  becomes a cce p ta b le .
In  term s of- the  p re ce d in g  e q u a tio n s , these va lue s  m igh t 
be re p re se n te d  b y : -
T , nu - 'i-7 y y  - ' ' • r f a f Z . ) (see)
* m
Y apu “  (267)
17*10 .5 * C o e f f ic ie n t  o f L in e a r Expansion .
Shrinkage e f fe c ts  are d iscussed  a t
some le n g th  in  S e c tio n  8 , p r im a r i ly  w ith  a v iew  to  assess ing
sh rin ka g e  s tre s s e s  in  the  com pos ite . I t  now becomes necessary
to  e x t ra c t  from  t h is  a n a ly s is  va lues  f o r  oC and o d ., th ea u
c o e f f ic ie n ts  o f a x ia l  and la t e r a l  expans ion , and compare these  
w ith  the  measured va lu e s  o f 7 /  and 85 x  10 /  0 r e s p e c t iv e ly .
R e fe rr in g  to  F ig , 37, sad u s in g  eq u a tio n s  (782) to  (185) 
w ith  m = 9 , m ~ 118 x 70*~b/° C , and s tanda ix l va lu e s  f o r  the  
re m in in g  q u a n t i t ie s ,  th e  in te r n a l  s tre s s e s  due to  u n i t  
tem pera tu re  r is e  are found to  be
- R a d ia l in te r fa c e  s tre s s  d „ « 86 .7  l b f / i n 2/°C
- 1 2 oIn te r fa c e  ta n g e n t ia l s tre s s  in  m a tr ix  6 2  “  -153*2  lb .1 /in  /  C
M a tr ix  ta n g e n t ia l s tre s s  midway between f ib r e  c e n tre sa 1 o
'  6 ^  = -4 6 .1  lb f / in V ° C
ma
) ’ 3 o o
M a tr ix  a x ia l  s tre s s  0 = -9 2 .2  l b f / i n / /  0. / ;p
F ib re  a x ia l  s tre s s  O fa  = 347 l b f / i n  /  0
The a x ia l  c o e f f ic ie n t  o f expansion b£a i s  found by : <jV -
p u t t in g  e q u a tio n  ( 179) Ih ; th e  fo rm :-
°3i “ I T  = E ^ A n a  “ A A  £  + (2g 8)
•. . 'v • •*- • - 7 . . '3;' -'AA Av77 7'*;- AAA.'vA A •/ A A/A=AAl(y'- q ■ ■
which g ive s  the  th e o r e t ic a l  va lue  oC Q .« 56 x  10 /  0:4 .7 ' 'A//- A ; ’.: 7 ...A-.:. - ;/•£ AAVA;(AV " *•., e ;• +,
u s in g  m « 9(  o r 35*1- xMO. u s in g  in «. 1 2 .
I f  Po isson e f fe c ts  are ig n o re d  a A’ 
s im p le r  a n a ly s is  i s  yth££e:fcp^^ 4, y
o /a £1 ~ v f  ^  f  1 4+ • AAA:/: (269)
*•+. ‘ : ; ■ 1 + (m~ l9V p iA :"7(G-/V;'775:;7 377:A 7:A ;'('A7;A;3aG _ ■
T h is  g ive s  C^ Q «f3®**f x  1 0 " / ° 0 ;  u s in g  m = 9 ,• x  ~1(Y-:77:A
w ith  m = 12 . '7AAAAA3./•-A - <f -vyf A ; ••'3 y  AA • • 7':
a re  v e ry  much h ig h e r  than  .th e  measured, value/■■of; 17/•■XsAio.A^^Cv-''A 
and some exa m ina tio n  o f th e  th e  o r y / i s th e re  f  ore in d ie  a t e d .7 ”
.. (C o n s id e rin g  f i r s t  th e  '.exact 7 / th e o ry ,  babed (upon a7/ ' A A  
c y l in d r ic a l  u n i t  m odel, . th e y  a x ia l-  e x p a rtb ib n G & iy ^  C2:68 ')(-is ■ A. •
la r g e r  th a n  th a t  g iv e n  b y  ( 269) beacuse th e  u n d e r ly in g  th e o ry
o f the  fo rm er acknowledges-/the tendency o f the; ta n g e n t ia l A . 
com pfessive s tre s s  in  th e  m a tr ix - .t;6' in c re a se  A its  /a x ia l '  s th a in  
th ro u g h  Po isson e f f e c t .  T h is ,  howeyer, r e fe r s ;/1 o (a n /id e  a 11 sed 
system , and in v o lv e s  e x tre m e ly  h ig h  th e o r e t ic a l  s tre s s e s ; 
a tem pera tu re  r is e  o f  50Q6, f o r  example, would cause th e ,3 ; 
th e o re t ic a l ' s t re s s e s :- - .  - AA- • vaa'/'-AA • :3:/;7 ( 4  A;(’73A(A;'aJ;“A/A';Ay ... ,
.7" £  » +  5 5 5 / l b f / i n 2 / 3 ) / 3 $ : / ’'’/ ;3 / 3 ( 7 3 3 i 3 / 3 / 3 / - -  v
i  » _ 7: 6601 - l b f / i n 2 L ' , 7  A  A ^ / A / '4 3 3 4 7 / 3 '
(rf « - 2 305 l b f / i n 2
d -  * •  -  4  610 l b f / i n 2 , ■ -  
d £a = 17 350 l b f / i n ^  '
- (For / the  c o o lin g  case/ re le v a n t to  shrinkage7assdssiiieht/,'33A 
these  s tre s s e s  become re v e rs e d , /the m a tr ix ;  te n d in g  t.6// ' squeeze ' 
th e  f ib r e  as c o o lin g  p roce e ds ; f o r  the  m a te r ia i te s te d ,  in  which 
the  Im p re g n a tio n  o f  the  f ib r e s  w'as'7y'bry://poo& V - : ^ d s / v w . d t f l '  
cause th e  s tra n d s  to  c o lla p s e  w ith o u t pe rm i11 ing  /the. g e n e ra tio n  
o f  la rg e  s tre s s e s  in  the  /tra n s v e rs e  p la n e , so th a t  the  1 exact?*/' : 1 
a n a ly s is  a sso c ia te d  w ith  ( 2 6 8 ) / would n o t apply*P royldbdM /brVat 
th e  s tra n d s  are adeq u a te ly  supported;/aga ihsR 3C ollapse//v lnAaxia j; 
com pression , and the  a x ia l  ••bohdA ls;/jg& cg^be^^ ... i (
o v e ra l l  s l ip  o f the  f ib r e s  th ro u g h  th e w m a tr ix ,/e q u a tld n :7(269) 
i s  p ro b a b ly  more; re le v a n t  /to / th e  /t iia te r la l: te s te d  i/7-/ A|AA-7(3A7((
( i t  was e x p la in e d  in  paragraph 1 7 *10.1 t h a t ' t h e  reduced -
232/55
m odular r a t i o  o f 9» as opposed to  th e  ' t r u e '  va lu e  o f 72,
shou ld  be used in  a x ia l  lo a d in g  s itu a t io n s  to  a llo w  f o r  the
waviness o f th e  moulded f ib r e s ,  and t h is  th e re fo re  g iv e s  the
more a p p ro p r ia te , though h ig h e r ,  va lue  o f 38*4  x  70’” from
e q u a tio n  (.269)
A sm a ll p a r t  o f  the  d isc re p a n cy  co u ld  a r is e  from  the
observed o ve rch a rg in g  o f th e  m ould, which caused lo s s  o f  m a tr ix
in  the  f la s h  and th e re b y  ra is e d  the  e f fe c t iv e  f ib r e  c o n te n t
o f ' the  rem a in in g  cha rge , b u t t h is  co u ld  n o t be expected to
ra is e  v^ by more th a n , say, 5$? bring ing the  th e o r e t ic a l .  va.lue
o f U  from  (269) down to  37 x  10” b/° C . The more p rob ab le
sources o f- /e r ro r  l i e  in  the  measurement o f o f  andoY-, b e a rin gm a
in  mind the  crude n a tu re  o f the  appara tus used. T h is  may be 
d iscu sse d  more e f f e c t iv e ly  when fu r th e r  com parisons between 
th e o r e t ic a l  and measured va lu e s  have been made.
The la t e r a l  c o e f f ic ie n t  o f expansion 
may be o b ta in e d  from  e q u a tio n  (786) in  th e . fo rm :-
< 7  /  "  f a  O  + * »  <270)
w h ich , s u b s t i tu t in g  the  f ig u re s  c a lc u la te d  e a r l ie r - ,  g iv e s  •
~6 o ‘ . .
oC , = 7 0 5 *5  x  70 /  0 , competed w ith  the  measured v a lu e  o f
85 x, 70”  ... No appeal can be made in  t h is  case to  the  mechanism
o f f a i lu r e  p o s tu la te d  to  reduce the  d isc re p a n cy  in  th e  case o f
a x ia l  expans ion ; i f ,  i n  the  la t e r a l  case, c ru s h in g  o f th e  s tra n d s
d u r in g  sh rinkage  p reve n ted  g e n e ra tio n  o f  the  s tre s s  w h ile
th e  a x ia l  s tre s s  d  s t i l l  a c te d , (270) would g iv e  a value
XII . /" -
o f o f  ^ g re a te r  th a n  i:-e *. 157 x 70”  /  G.
A t th e  moment, the  p rece d in g  
d is c u s s io n  suggests o n ly  th a t  the  va lue  o f 118 x  10~b/° 0  
measured f o r  i s  much to o  h ig h , e i th e r  because o f an im probabl,
la rg e  e r ro r  d u r in g  measurement o r because o f some d if fe re n c e , in  
b e h a v io u r between the  m a tr ix  o f the  specimens and the  m a tr ix  
as in c o rp o ra te d  in  the  re in fo rc e d  m a te r ia l.  * •
■; ; / ©  / 7  ■ ■ . 7  . X  ■ 234
17*11* P ro p e r t ie s  o f Crossed. F ib re  Systems.
17*11*1* S ym m etrica l Crossed F ib re  Systems under A x ia l 
T ens ion .
S im ple a n a ly s is  b e g in s .b y  t r e a t in g  
t h is '  case as one o f a p a r a l l e l - f ib r e  system under o b liq u e  
lo a d in g  w ith  secondary shear t o t a l l y  p re ve n te d , so th a t  the
modulus o f  e l a s t i c i t y  in  te n s io n  becomes E 1 as g ive n  by
A.
e q u a tio ns  (255) and (2 5 6 ). In  p r a c t ic e ,  sh e a rin g  s t r a in  w ith in  
the  m a tr ix  la y e rs  s e p a ra tin g  f ib r e  p lanes w i l l  tend  to  's o f te n *  
th e  c o n s tra in t  to  some e x te n t,  d rop p in g  th e  modulus va lue
s l i g h t l y  from  E ' . T h is  would, n o t ,  however, e x p la in  th e  e x tre m e ly
^  olow  modulus va lu e  re co rded  in  F ig .  105 f o r  © » 4-5 • The va lu e s
f o r  in d iv id u a l  specimens in  t h is  group were n o t w id e ly  
s c a tte re d , (0 = '&$>) , and. the  h ig h e s t va lu e  d id  n o t reach  10 
l b f / i n 2 .
A p o s s ib le  e x p la n a tio n  maybbetfound in  the  sh rinkage  
s tre s s e s  a r is in g  from  th e  bond ing to g e th e r  o f th e  c o n s t itu e n t  
p a r a l l e l - f ib r e  payers w ith  axes in c l in e d  to  each o th e r  a t an 
ang le  29. As t h is  ang le  in c re a se s  the  a x ia l  and tra n s v e rs e  
s tre s s e s  induced in  each la y e r  by sh rinkage  w i l l  a ls o  in c re a s e , 
re a ch in g  th e  peak va lu e s  g iv e n  by e q u a t io n . ( 223) when th e  axes 
are a t r ig h t  a n g le s , i : e .  when © *  45°•
The re le v a n t e xp re ss io ns  a r e : -
& “  eas ~ ets  7  = 9t s  eas <'??%'>
t o 1 >  ao . 1 1
V  + Sa V  + 7
where and e. _ are r e s p e c t iv e ly  th e  a x ia l  and
a S
tra n s v e rs e  sh rinkag e  s t r a in s  in  the  uncombined p a r a l le l r - f ib r e  
system , g ive n  by
e « (© - © ) ,  e, = - o I ,  (© -  © ) ( 271)as a c o'  5 t s  v • '
u s in g  measui^ed Values o f  E^, E.^, oC a and and assuming
th a t  s tre s s e s  b e g in  to  be genera ted  as the  c u r in g  te s t  p iece  
co o ls  th ro u g h  80°C, (223) and ( 271) g ive  va lu e s  a t 15^0 o f : -
(3 ' = 3 500 l b f / i n 2 , &  «■ -  3 300 l b f / i n 2
o o
Since the  la t e r a l  te n s i le  s tre n g th  was found to  have an2average va lue  o f  o n ly  1 000 l b f / i n  , i t  fo l lo w s - th a t  many f h i lu r e
'a lo n g  th e  g r a in 1 may a lre a d y  e x is t  in  th e  te s t  p iece  b e fo re  
lo a d in g  commences, so th a t  a predom inant component o f th e  
measured s t i f f n e s s  may be due to  in te r la m in a r  sh e a rin g  
d is t o r t io n .
I f  the  degree o f i n i t i a l  damage a sso c ia te d  w ith  
sh rinkage  is  a fu n c t io n  o f the  angle 9 , as th e  p rece d ing  
.h yp o th e s is  im p lie s ,  i t  i s  n o t to  be expected th a t  a w h o lly  
s a t is fa c to r y  a n a ly t ic a l  e xp re ss io n  f o r  E . can be deve loped , 
o th e r  than  on a s t a t i s t i c a l  bas is ,. Test r e s u l ts  f o r  the  p re se n t 
d is c u s s io n  are too sparse to  p e rm it se r io u s  a n a ly s is ,  b u t an 
in d ic a t io n  o f the  l in e  o f approach may be made by p o s tu la t in g  
a ’ c o r re c te d ' c ro s s e d - f ib re  modulus E Y  g ive n  b y : -
E. ", = E 1 ( 1*- p2s in  29) , (2?a.a)
j \ .  .X. ./
where p i s  a 'p ro ce ss  f a c to r '  exp re ss in g  the  e f fe c t  o f  
sh rin kag e  damage. E " is  p lo t te d  in  F ig . 105 Tor p = 0 .2 .
234a
. ■ • j - ' . C o n s id e rin g  now the  f a i lu r e  
mechanism o f the  sym m e trica l .c ro s s e d - f ib re ; systemV the  re le v a n t  
f a i lu r e  envelope segments /a re  re p re se n te d  b y ; e q u a tio n  (.219)fa“
a X X 0 .U
f
?
X X
1 + cos2G■- 2 f j. . sin2©
2 d
i
tu
A '  
a t^ y  xx
1 — cos2© *i- 
a tu  y
s in 2 0  + 2 y  cos2© ;. fat. ./•
1 -fa/where
G
qyx
The c ro s s e d - f ib re  s t ru c tu re  in v o lv e s  a. fu r th e r ;  mode o f 
f a i l u r e , however, in  th e / in te r la m rn a r  s h e a r / fa i iu re :w h ic h  must 
occur b e fo re  the  h a lves  o f a / te n s i le  b reak can se p a ra te , Thd 7 
co rre sp o n d in g  f a i lu r e  geom etry is / in d ic a t e d . in  F ig .1 1 1 .y:which 
may be compared w ith  the  observed f a i lu r e  sketched in  F ig .103*
t (nt layers) V;. 'fa'/fa' ■ f fa V '-  yfafayyy- fafafa ;■
b * fayfafa: • ' ’• y/h:fafa%7 fa-:■fay
TV
...
y.;y y v: ■ Jv ■
: *F
e.y v -
•--‘t V;
■:« y.
Fia.111. INTERLAMINAR SHEAR FAILURE IN CROSSED 
FIBRE LAMINATE/
' -Kit y ,V*F>V» • 4!
r ; - . fa Ofah.fa-fafak.XV-v (fa-fa fyv . ;■ v ■• • , •
- » ■ . . ■ y r. ,: v ; .»,• ../».•-> • -Y- ;v/ 4 .;*• y:,s / / . .  -X' \ y ‘ ! . R ■ ' / y fPl:
Y Y Y Y X t / Y X
I f  th e re  / are n la y e rs  p e r u n i t  th ic k n e s s , a te n s i le  /specimen; 
o f  th ic k n e s s  t  w i l l  have n t  la y e rs  and hence (2 n t -  2) faces  ,7 ■,
which must sepa ra te  u n d e r•in te r la m in a r  s h e a r, each over the  
shaded a re a / in  F ig . 111. The re le v a n t va lu e  o f in te r la m in a r  
sh e a rin g  s tre n g th  w i 11 be ..designa ted  . ;  t h is  cannot be d i r e c t l y  
r e la te d  to  /a n y ; o f the  shear s tre n g th  va lu e s  a lre a d y  c o n s id e re d , j 
as i t /o p e r a te s  in  a- s t ru c tu re  o f f ib r e s  which are p a r t i a l l y  o r 
w h o lly  sppa ra t ed from  .each o th e r . by i n i t i a l : f a i lu r e ;  in  shear 
o r tra n s v e rs e  te n s io n , b u t may be expected to  have a low  va lu e  
w hich would te n d  to  decrease, w ith  in c re a s in g  0 . .
The a x ia l  s tre s s  to  cause t o t a l  in te r la m in a r / f a i lu r e  
i s ,  u s in g  the  above re a s o n in g , ;'•-/ ';© / /  • . /  *•■/*/.<■' • •
.  4 W 1  a 1! #  +
• ; - ' i " :  ' xx  b t  4 tan©  . . /
I t : i s  seen- th a t  t h is  s tre s s  depends upon th e  d im ensions 
o f  the  te s t  p iece  used. Average va lues  f o r  th e  specimens o f t h is  
s e r ie s  a re : -  ©: • ~ ;
Y ;,/b « 0 .6  in
• • .9/-.. 7 te t  *  0 .2 5  in
* Vi. n t  4 10
g iv in g : -  , , .. "V
Vs- 7 7 7 . 0 i  ^  X X , “ 10,8f i  , (273)
tan©
I n  F ig . 112, the  in te r la m in a r  shear curve  i s  p lo t te d  f o r  
an assumed va lu e  o f  650 l b f / i n ^  f o r ^ Y ,  n e g le c t in g  p o ss ib le : 
v a r ia t io n  w ith  9 . T h is  va lu e  has been s e le c te d  to  g ive  some 
agreement w ith /o b s e rv e d  va lu e s  a t h ig h e r a n g le s , b u t th e re  
are to o  few o b s e rv a tio n s  to  deve lop the  d is c u s s io n  o f  th is-- 
mode o f f a i lu r e / ,  any fu r t h e r . '  - : V /  , 7  : , /-7  ; ' ; 7  V i '
A ccord ing  to  th e  t o t a l  f a i lu r e  envelope now developed in
F ig . 112, t o t a l  / f a i lu r e  occurs th rou gh  a x ia l  te n s i le  f a i lu r e
o f  t h e / f ib r e s  f o r  va lu e s  o f © up to  a b o u t1 ? G. Between 1 7 /and
20 , i n i t i a l  f a i lu r e  is  by in -p la n e  shear i f  a shear s tre n g th
. . , , , ,  .. . .  p .......  . . .  .. ,  . ,
v a lu e -o f  5 000 l b f / i n  is  accepted; the  a x ia l  s tre s s  re q u ire d
f o r  th is :  f a i lu r e  is  g re a te r  th a n v th a t f o r  t o t a l  in te r la m in a r
shear f a i l u r e , and th e re fo re  leads  a t once to  s e p a ra tio n .
Between 20 and 4 0 °, - ' I n i t i a l  f a i lu r e  due to  in -p ls n e  she a r '*
occurs a t a s tre s s  lo w e r than  th e  in te r la m in a r  shear v a lu e , 
which th e re fo re  dom inates the  t o t a l  f a i lu r e  s tre s s  .7The same
th in g  a p p lie s  between 40 and 8 3 °, except th a t  i n i t i a l  f a i lu r e  is
here due to  tra n s v e rs e  te n s io n ; w h ile  between 83 and 90 th e  { 
in te r la m in a r  s tre n g th  becomes so low  th a t  f a i lu r e  i s  p r e c ip i ta te d
AXIAL STRENGTH UNDER OBLIQUE 
LOADING. (SYMMETRICAL GROSSED: FIBRE)
$ fafafaVfa/Wfa;^
im m e d ia te ly  by tra n s v e rs e  te n s i le  f a i l u r e / f a  ': fa j fa
The p re ce d in g  a n a ly s is  i s  ra th e r  c ru de , fu rth e r*  s o p h is t ic a t ­
io n  be ing  deemed f r u i t l e s s  in  the  absence o f e xp e rim e n ta l y/> - 
c o r ro b o ra t io n ; i t  does, however, s e r v e / ^  rfa le
o f in t e r  la m in a r shear, s tre n g th  in  c ro s s e d - f ib re  system s. -
1 7 ,1 1 *2 . B iased Crossed F ib re  System under A x ia l,  T ens ion .! 
‘ 1 v • fa .' ' fa ’ When one la m in a tio n  o f th e  22-g-0;. p a r a l le l
f ib r e  m ould ing was in c l in e d  in  the  o p p o s ite  sense bo th a t  o f  t h e j
re m a in in g  n in e , th e  te n s i le  modulus o f e la s t ic ity .  and s tre n g th
were found to  be re s p e c t iv e ly  2 .10 x  10 and; 6 930 l b f / i n  ,
C o n s id e rin g  f i r t t .  the  fa modulus v a lu e , th e  th e  o r e t ic  a l.v a lu e s
a t 22-Jb are., from  e q u a tio ns  (255) and (256) , dr.69 and 2 .09;x:10b
p
l b f / i n ’ - fo r  th e  ‘ f re e  s h e a r’ and ’ no sh e a r1 cases re s p e c t iv e ly
T h is  im p lie s  a h ig h  degree o f c o n s tra in t  a p p lie d  by the  s in g le  
opposed la y e r , g iv in g  a modulus /h ig h e r  than  th a t  ,.-of! th e  t o t a l l y  j 
sym m e trica l system . The l a t t e r  e f fe c t  c o u ld t o  some?extent;vb’e-:,- i 
e x p la in e d  by the  ; g re a te r  degree o f sh rinkage  damage in  th e  syweCncctll 
c ro s s e d - f ib re  system , as d e sc rib e d  in  .p rev ious d is c u s s io n ; b u t 
to o  much; a n a ly s is .  cannot be based upon they  l im i t e d  te s t/s y s te m  
used h e re .. y .-fa fa-fa"’ ' ' ‘ fay fa-xvyxxfa -fay y faMfafaifayfx-
Concern ing te n s i le  s t re n g th ,  the  re le v a n t th e o r e t ic a l  
s tre n g th s  are:-.... . p. ■: • • / • ' X X  / " X'/ Kr7 • ■
7 000 l b f / i n  f o r  tra n s v e rs e  te n s io n  in  ‘ f re e  s h e a r’ -system
x  p v- • y . x  ‘ • . ... .   ,
14 200 l b f / i n  f o r  in -p la n e  shear i n / ‘ no s h e a r’ system*, from  :
from : ( 21/^ ;;, ifa  
y (2 1 9 )
:• p  .• . X X . :v.-, ■■ . x  X -  \ . ............ ............
1 900 l b f / i n  f o r  in te r la m in a r  shear on one la y e r  O n ly , from
•'■y ■ yfay/y---- . f a  5 ' ‘fafafav\ ' f a  ( 272)  w ith  (2 n t~ 2 ) -  2 . ./fay.-fa,-'
I t  seems c le a r  th a t  f a i lu r e  w i l l  be 
i n i t i a l l y  in  tra n s v e rs e  te n s io n  in  p a r ts  o f th e .c ro s s  s e c t io n  
n o t c lo se  to  the  . . s ta b i l is in g  la y e r ,  and hence able, to ; behave 
in  a 'n o -s h e a r ' manner; on t h is  b a s is  the  th e o r e t ic a l  va lue  ! 
o f  7 000: l b f / i n * '  agrees,, w e ll w ith , the  measured va lue  o f 6 /93 0 .
The p r in c ip a l  e f fe c t  o f the  opposed la y e r  in  th e 'te s ty b a rs  
used appears to  have . been to  reduce the/: s c a t te r  011 th e  te s t
r e s u l t s ; the  c o e f f ic ie n ts ,  o f  ’v a r ia t io n  f o r  E and£ " :' \ 54-toerb'.x. xu . ' » *
re s p e c t iv e ly  12 and 27$ , compared w ith  18 and 37$ f o r  th e  
co rre sp o n d in g  p a r a l le l  f ib r e  specim ens, x; /-.••- . .• ...fa’ •. x fa fa ’
7 1 7 .1 2 * / .
Y '7 :/7 / / i7 V 1 2 ;1 . T e n s ile /L o a d in g / " • .;
y%Y Y*’’;. ' , :3 :. ' : >' * The la m in a te  was, loaded w ith  /  - .- ,4
f ib r e  axes (a() p a r a l ib i / ;a i id  p e rp e n d ic u la r / to  th e  Toad a x is ,  and
;/• s ,7 * i{ • ‘ . ' , v /  I A  v V 7/+ /  ’•* 0 *, * . . 7 - , •• V *© ’«'• 5
• lo a d  a x is ... 7 / / '7  ” :;>A(V ;.. /TY/g.- 0 
. /7/v . 7 Tv0/.0;; / / ; • /  / -' No s p e c if ic  .a n a ly s is  has been madh .j 
f o r  woven c lo th  m o u ld in g s , b u t th e  e f fe c ts  ; o f weaving as opposed. ] 
to  mere la m in a tin g  may. be.assessed by com paring w ith  th e  ; j
a p p ro p r ia te  c ro s s .e d - f ib re  system s. ; •'• 7 )/ // . '••7 7'-' ' " vv’ \
. As a f i r s t  a p p ro x im a tio n , case (a ) : may; be tre a te d  , as /;■ • 1 * 0'0 .y- ‘0 0  * . • .* * 0 * 0 ,+•' 0'-"' >. • ■' 0 • • <0 ‘t. •’-•''J. •
a l te r n a t in g  la y e rs  o f  a x ia l  and "transverse  f ib r e  o f volume" - 7
f r a c t io n  0 .2 9 - - /  ,. ■; . 0;-.’-;/ • . Y '-Y /Y Y Y 7 . 7 - Y ‘7 ' 7 / ; .7
Then, from  (1 4 ) ,  ta k in g  E * as 0 .8 3  x  10^ l b f / i n 2 'and m
' ' . 239 ;
as 9,+/E© becomes 2 i7^ x,;1Q v lbf/in ; w h ile  (66) , .usingbpjaeg'S'amea
v a lu e s , gives. E^: == 0.>995 be 10 l b f / i n  . The r e s u l t in g  modulus
f o r  th e  crossed f ib r e  system is  the  average o f E ■ and E . , g iv in g
/ ' / V ,07 v *'* Z C Z f I X ;:y w /\ ‘'.- V p ,  •* / /0 •' ; ' % 7  Y r  g Y ' Y V  © Y / Y '• a  M  Tf . 7, 7; . .<
1 .88  x  10 ; l b f / i n  f o r  c o m p a r is o n 'w ith  th e  m easuredva lue ;,. f o r
■0 : 7 0  r  • •- " 7 0 0 ; ■ •. 6  " / 2  " 0 / ( / ' ■ ' -  ■. i
th e  c lo th ,  o f 1 .85  x  10 l b f / i n  . A la rg e r -  d isc re p a n cy  would •'0 7  7- 0 + - \ ‘ 0 - , " • . • .'V ••7s© 0 -7 • • 7-77 ]
have been expected due to  k in k in g .o f the  f ib r e  in  th e  weave,
b u t i t  *- w i l l  be remembered th a t  the  va lue  o f m was reduced" from  J
12 to  9 in  e a r l ie r  a n a ly s is  to  a llo w  f o r  s im i la r  waviness 'a r is in g ;  
from ' sh rinkage  e f f e c t s  . ' 7 •/'* • ,0 ; /  ^ V V ./ / ; - ; ' '/ / / /  : , 7 7 / 7 /  •; - . J
../As f a r  as te n s i le  s tre n g th  i s  concerned fo r :  case 0(a ) , i t  
i s  p roba b le  T ha t t h e , a lte rn a te  la y e rs , w ith  .tra p sve rse  f ib r e s  
w i l l  f a i l  a t .< a' c o m p a ra tiv e ly  low  s t r e s s , so th a t  t o t a l  f a i lu r e  
w i l l  co rrespond to  te n s i le  f a i lu r e  o f th e  a x ia l- / f ib re s > / ;X|;. Was j 
shown in  17 *10 . 1 . th a t  a x ia l  s tre n g th  c o u ld /n o t :be s a t is f a c t o r i ly "  
p re d ic te d  from  f ib r e  s tre n g th  f ig u r e s ,  b u t i f  the  s tre n g th  is  
anyway assumed to  b e /p ro p o r t io n a l to  v^  an id e a  o f  the  a x ia l  
s tre n g th  o f  the  c lo th  c o n s t itu e n t  p a r a l le l  to , th e  1oad a x is  may
be ob ta in e d  by in c re a s in g  th e  measured s t r e n g t h o f  the  p a r a l le l  i
. . . . . . .  . p . . ....
f ib r e  system , 21 600 l b f / i n  , i n  th e * r a t io  o f th e  v^  v a lu e s ,
^ ‘ 29/ 0 2 1 ’ 29 800 l b f / i n 2 . S ince o n ly  h a l f  th e  f ib r e s
in  the ; c lo th  are a x ia l  , th e '- th e o re t ic a l s tre n g th  i s  then  Y  7 1
0 .5  x  29 800. = 14 900 l b f / i n 2 , compared w ith : th e  measured va lu e  i
•'5- 0. . P  ' • 0 ; ;0 >•:../■ / . 0 " '  ' 0% .0 0 7 0 ,7  - ;
o f 13 200 l b f / i n  . T h is  type  o f  d isc re p a n cy  is  aga in  to  be; " 4
expected , s ince  th e  la t e r a l  f ib r e s  w i l l  in t r o d u c e 's t r e s s  
c o n c e n tra tio n s  in to  the  a x ia l  f ib r e  system , b u t the  .crude./method 
o f s tre n g th  p r e d ic t io n  used here is  se e n /n e ve rth e le ss  to  o f f e r  
a degree o f accuracy a ccep tab le  f o r  de s ign  purposes. ' :ib' /
240
yFcir case 06)'Athe b a s is ; o f •;com parisoh becomes the
sym m e trica l c ro s s e d - f ib re  la m in a te  w ith  ©.: = 459 *
7 U s ing  e q u a t io n s ;(155) . and "(159) l o r  v,, «* 0 .2 9 , and ' ta k in g  E -/ 
and E.j_ to  have the  va lu e s  2 .76 . and 0 .995  x  10 3 l b f / i n  re s p e c t iv e  
l y  as c a lc u la te d  f o r  case (a ) , E A ffo r  the  e q u iv a le n t c ro s s e d -f ib r<
system becomes 1 .16  x 10- l b f / i n "  and E * , th e  more a p p ro p r ia te■■'V ’ ' ' - .TO’ - p v7 • \ . ' V X', .'yV0+', = :+v+V\;O4\'vA..TO *■' ■
v a lu e , 1.21 x  10 l b f / i n  ., The measured v a lu e ., .however, was1
(Z Q
1 .4 6  x 10 l b f / i n  , 20$ h ig h e r  than  the. n o -s lie a r v a lu e . V::\A p
The most p rob ab le  source o f e r ro r ;  in  t h is /  case; would be 
th e  va lu e  f o r  0L + , which was!based upon th e o r e t ic a l /  a n a ly s is ;( r
u s in g  a s t ru c tu re  v e ry  d i f f e r e n t  from  the  in te rw o ve n  c lo thA-' .. ..'', 3 ;'A-A44+ ; » c :■ A,-A 3 p A ; •
system . The r e s u l t in g  va lue :1 f o r  was; 0443 x  10 l b f / i n  -£v
'while; the  measured va lu e  f o r  E ’ suggests., th a t  t h is  shou ld /have  
been more l i k e  0 .6  x  10 .F u r th e r  development i s  u n p ro f i ta b le ,
however, s in ce  the  k in k in g  o f the  woven f ib r e s  co u ld  have 
secondary e f f e c t s , n o t r e a d i ly  ana lysed , o f th e  same o rd e r as 
th a t  due to  v a r ia t io n  in  G v . . v  A. 3 3.7/
In s p e c t io n  o f f a i lu r e s  in  the  45 
c lo th  te s t  ba rs  in d ic a te d  e a r ly  d is in te g r a t io n  o f the  m a tr ix ,  
fo llo w e d  by p u l l in g - o u t  o f the  in te rw oven  s tra n d s  in  a manner 
i^e la te d  to  th e  in te rlam in a i? . shear f a i lu r e  in  th e  c ro s s e d - f ib re  
system . I f  a h y p o th e t ic a l in te r la m ih a r rs h e a r  s tre n g th  is
p o s tu la te d , re p re s e n tin g  the  shear s tre n g th  to  be used in  (2 /2 )  
f o r  an e q u iv a le n t c ro s s e d - f ib re  system o f  tih e , same numBeii b id  
la m in a tio n s - and th e  same f ib r e  c o n te n t, i t s  va lu e  may be
... ' p
assessed from  the  measured te n s i le  s tre n g th  o f  12 400 l b f / i n
f o r  the  c lo th  t e s t  b a rs . Each ba r used about 22 la m in a tio n s ,
so th a t  f o r  the  45° system w ith  b = 0 .6  In  and t  = 0.25 in ,  
( 272) g ive s  1 = 350 l b f / i n 2 compared w ith  650 found f o r
th e  tru e  c ro s s e d - f ib re  s t r u c tu r e .
1 7 *1 2 .2 . C o e f f ic ie n t  o f  L in e a r E xpans ion . .>,../ ’/A S -
No the  o ry  has be en"deve loped  toA  
serve  as a b a s is , f o r  d is c u s s io n  o f the  measured v a lu e , fo r?
f ib r e s  a lig n e d  w ith  and norm al to  the  expansion a x is ,  o f
—6' cs12 x  10”  /  0 ; b u t i t  would be expected to  co rrespond  ro u g h ly
w ith  th a t  f o r  a x ia l  p a r a l le l  f ib re ,  having/’ th e  / same/ va lue  o f v^. 
S ince no th e o r e t ic a l  c o rro b o i*a tio n  co u ld  be ob ta ined, f o r 7 the '.".,
va lu e  o f 17 x  10“ 6 measured f o r  p a r a l le l  f ib r e  w ith  v^  ~ 0 .2 1 ,
i t  can o n ly  be no ted  here th a t  the  c lo th  va lue /.,is  smallex* th a n  
t h i s ,  as would be expected f o r  th e  h ig h e r v^  v a lu e 'o f  0 .2 9 * --
fa- • fa>..;i7 *1.3 •* P ro p e r t ie d ' o f  Random 'Fibre Lam inate i fafavfa’fa
fay/fay.. :17..i3*1* A x ia l Load ing M ( S e t t lo r -?■,3vfa 1 0 * i..3 4 ‘)>faxfar *-
fa fa fa .yfafafafafafafafafafa; /;-fa,'fa ’• fafa A n a ly s is  in : S e c tio n  7*3 • f o r  te n s i le  
modulus leads to  th e  approxim ate exp re ss io n  . fa"'' • - y-'fafa.
r Ep = o .7E t  + o .3E a ■ y'-fa,:$fa:v;.5y/; -fa- ; (169)
f o r  lo a d in g  in  the  p lane  o f la m in a t io n . ' From Table X X V III ,  th e  
va lu e s , of:-EL/.and E . f o r  the  a p p ro p r ia te  of„y0424faa:£t.: ates.£e'C t'- 
i v e ly  '1y05 and 2 .63  x  10b l b f / i n 2 , so th a t  from  (.169) th e  x
.....  ...   , g  2.
t h e o r e t ic a l  va lu e  o f „E  ' becomes 1 .52 x  10 l b f / i n  . T h is  compares
-.; y / ; x  X-:" r  P ' - >• • x  : 0 ’ -'xXx-x. p // * \
re a s o n a b ly /w e ll w ith  the  measured va lue  o f 1 .43  x 10 l b f / i n  ,
b e a rin g  in  mind the  la rg e  number o f assum ptions in v o lv e d  in  the  
d e ta i le d  a n a ly s is  le a d in g  to  (169) . . , r  : . . ' ‘ ./fa “
/■ A x ia l. .s tre n g th  f o r  th e  ra n d o m -fib re  la m in a te  i s  .even more 
d i f f i c u l t ;  to  p r e d ic t . A te n ta t iv e  e x p re s s io n , based /on fa tens ile  
f a i l u r e ; o f  th e  f i b r e s 'a f t e r  m a tr ix  breakdown, is  g ive n  by (2 2 8 ):
d  ■« i v «  d>u  - 6 v f fa 3, ■ , , ///:
Using .the reduced ‘ e f fe c t iv e  V /va lue o f : 10.^ / l b f / i n 2 fo r .  d> 
p o s tu la te d  / in  17 . 10 . 1 . ,  (228) g ive s  ■
compared; w ith / th e  measured va lu e  o f  9 700. T h is  im p lie s - th a t  ,• 
i f  m a tr ix  d is in te g r a t io n  i s  s t i l l  assumed, the  p ro p o r t io n  o f 
f ib r e  e f fe c t iv e  in  te n s io n  i s  g re a te r  than  assumed in  (228), and 
shou ld  be c lo s e r  to  \  th a n  to  /2*fa
No a n a ly s is  has been developed to
f  u]
a s s is t  in  th e  assessment o f  th e  a x ia l  com pressive modulus and 
s tre n g th  o f 1 .;3 x  l b b /and 26 900 l b f / i n 2 re s p e c t iv e ly  fay fafafafa
17*13 *2 . Pure B e n d in g f a x , '  ; /fa' .../fay../. . /  -fa ;fayfa;; fa! • ;
/ ' . f a x .  The r e la t io n s h ip  between bend ing and 
a b so lu te  s t i f f n e s s  has a lte a d y  been developed; in  p ro ce ss in g  the  
t e s t  r e s u l ts  vof s e c t io n  1 7 *2 .4 . ;, I t  i s  n o t ic e d  /th a t; tb^fafa/yfa;
. . . .  c ■ - p ...,....
above th e o r e t ic a l  va lue  f o r  E, 1 .52  x 10 l b f / i n  , l i e s  ro u g h ly
midway between th e  measured a x ia l  and bending va lue s  o f 1 .43  and 
1 . 7 x ‘10b l b f / i n 2 . ’/•■' x  fa fa • fay/- , -fa ■'•:*’ xfa;:y / ' f a x  'fafafafafa':;
17.13 . 3 . Shear.
The q u a n t ity  is  e f f e c t iv e ly
an in te r la m in a r  shear s t re n g th , and.as such i t s  dependence iip o n  
m a tr ix  fa th e r  th a n  upon f ib r e  d is t r ib u t io n  p ro p e r t ie s  wpuidfa- 
be expected / to  make i t  s im i la r  in  va lue  ito.* th e /co rh sp o n d in g /-/. 
p ro p e r ty  o f  o th e r la m in a te d  s t r u c tu r e s . For the  p a r a l le l  f ib r e
system th e tw b > ‘in te r la m in a r  shear va lues  are X  andp j f hpufa
to  which th e  d is c u s s io n  in  1 7 *1 0 .4 . a t t r ib u te s  c o rre c te d  va lues
/ o f  ■ 2 7 d 6 b Y M ^ ^  measured va lu e  -of „ ? /  „  is ’ \ ; t x
■*7*©' 'v / i ;  • • 7 • « ’V '..; Q * Y . • .7©' * U; ••
much, h ig h e r  a t : 2 /8 0 0 '/ ; lb f / in  j th a ^ b is  p ro b a b ly  becaushr The/! |
la m in a tio n s  c o n ta in  crossed, f ib r e s  which l i e  -near the. su rfa ce  i 
; o f ’ th e /m a te r ia l and hence/ may in te r fe r e  w ith  f ib r e s  o f .ad jaceh t 
la y e rs  when moulded, whereas p a r a l le l  f ib r e s  l i e  tow ards The, 
cent/re (' o f / th e  . sheet; m a te r ia l / I n / a ; s in g le  t h in  la ye r;/a n d  Thdb ©  \
in te r la m in a r  /zone: i s  n o t re in fo rc e d  .by s t ra y  ••strands/ 7Y /7 © /
Y © S h e a r / fa i lu re  in  a p lane  norm al to  th e '/ te s t /b a r  a x is /7 / Y Y 0. 1 
re q u ire s  te n s i le  f a i lu r e s  o f a l l / t h e  f ib r e s  c ro s s in g  th e /s e c t io n  i 
concerned; , i t  may be expected , th e re fo re ,  th a t  the  /sh e a rin g /;- " 
s t r e s s ; I'".p ./tppy re p re s e n tin g  t h is  f a i lu r e  would!'have/ a ; value+ 
approach ing  th e /a x ia l,  te s n i le  s tre n g th .  I t  i s  fo u n d , in  f a c t , 
th a t  Y77 has a measured va lu e  o f 10 300 l b f / i n 2 , com paring 
• w ith  th e - . te n s ile  s tre n g th s  o f 9 700 and 13 600 l b f / i n  in . / te n s io n : 
and bending r e s p e c t iv e ly .  Y /; ‘ ’ .© ©7 ©
Y" ; Y ;4 7 ^ * 4 .  C o e f f ic ie n t  o f  L in e a r  E xpans ion ./-! /©©Y'Y
7 /  / 7  : ’ 7 * No th e o ry  was developed f o r  t h is ,©
b u t /c o n s id e ra t io n  o f f ib r e  d is t r ib u t io n  would suggest th a t  
the  c o e f f ic ie n t  o f expansion shou ld  be s l i g h t l y  h ig h e r than /;/ .• j 
f o r  a x ia l  expansion o f  th e  p a r a l l e l - f ib r e  system havong The©same i 
- f ib r e  c o n te n t ; . / I t  i s ,  in  f a c t ,  21 x 10~^, compared w ith 1/ / / / - ;
1 7  X  -10-6 / ° 0  . -  ■ A " ' ©
.‘17/14+ "Dough M ould ing  Compound P ro p e r t ie s  •. ©©©//'/ ©
Y/Y7 - . YYYYYY' .7 No th e o ry  has been d e v e lo p e d /in  . th e  j
p re se n t tre a tm e n t which can w ith  any co n fid e n ce  be a p p lie d  to  th e ! 
type  o f compound te s te d ;  t h is  used q u a r te r - in c h  f ib r e s  w hich© 'due! 
to  poor m ixing., were ‘ packaged’ to  such a n ;e x te n t as to  suggest j 
a com posite  .re in fo rc e d  by f in i te  h igh-m odu lus in c lu s io n s  r a th e r  
th a n  by d is t r ib u te d  f i b r e s . An approxim ate modulus f ig u r e  f o r  
th e  co rre sp o n d in g  u n i fo r m ly - d is t r ib u te d  lo n g - f ib r e  s o l id  v is© / 
how ever, g ive n  by (1 76) : -  / • :/■©■' © ’ Y © © '© , / . ,  /
/ / . © / © r l  “  Et  7 o . 6 5 v f (1 -  v f ) 7  -  E ©  ■ <W 6) |
* f* • \ ■ 7 © 4 • Y-. 242 1
Using e q u a tio n  (14) f o r  Eg arid ( 66) f o r  , w ith  m = 9 ’>
and E©.-> 0.83 x  10^ l b f / i n 2 , ( 176) g iv e s : -  /  /  7
• ■ /;/ -.7  v f  -  0 .1 4 , Eps Y 1 .02  x  106 l b f / i n 2 - . , ©., .> ;!•
; 7 * .; 0 . 18 , 1.10  Y Y /..;/© /./ Y .Y ©
Y .^ ;r  / / /  Y 0 . 22 ,.. 1.19  Y - .7 / . /  . ,.-7’Y  •
The co rre sp o n d in g  . me a sured va lue  s y ■ in c lu d in g  bo th  b end ing 
and a x ia l  1 o a d in g , w ere : -
v f  l b f / i n 2 , Ersb  = 2 .10  x  106 l b f / i n 2 ..- :j
• A A . 1 8 , 4 A A 7  1.53  . A / A '  "■’■■=:::. i* ? 9  '■"
0 .2 2 A A A ;  1 .57  ' A A  A  ( A  ■ ■ 1 .69
. • 4, A Aa ( a 'A A. v - " //( a  I t  is  seen th a t  the  m easured’va lu e s  I
f o r  E are c o n s id e ra b ly  h ig h e r  than the  th e o r e t ic a l  f ig u re s /,  due :
p r in c ip a l ly  to  the  d if fe re n c e s  between th e o r e t ic a l  and moulded 
s t r u c tu r e s . .Too few. te s ts  were p o s s ib le , how ever, to  e s ta b lis h  j
a b a s is - - fo r  fu r th e r  exa m ina tio n  o f e i th e r  these  s t i f f n e s s  ' • - J
p ro p e r t ie s  o r the  s tre n g th  va lu e s  quoted in  Table XXIX..../: > -
18. A p p l ic a b i l i t y  o f  Theory in  P re d ic tio n A o :f.G o ih p Q s ite /P ro p e rtie s / 
.... - A a / '  (A A" " As/a -'/' I t  i s  proposed/ i n  t h is  s e c t io n  to  
c o l le c t  to g e th e r  the  e xp re ss ion s  ;which have been used to . • ' 
p r e d ic t  composi.te-'-.prpper'tias.-inA/the p re c e d in g . d is c u s s io n ,-  and • •;
to  summarise th e . assessments which have been made; o f  . th e ir . . . ' 
accuracy on the  b a s is / o f e xp e rim e n ta l measurements. A/'A-AA 
■ . /W h ile  such assessments are n e c e s s a r ily  l im i te d  to  the  
typ e s  o f m a te r ia l used in  the  te s ts ,  i t  i s  hoped t o .make .a / . . j
someAestimate o f : th e /. e x te n t to  which the  exp ress io ns  may be • a  A 
g e n e ra lly  extended to  cove r s im i la r  s t ru c tu re s  made up from  • - -. -. I 
d i f  f  e re n t c o n s t itu e n ts  and moulded by processes o th e r th a n . .  
th e  com pression system used h e re . ' / / :  =
Fo r ease o f re fe re n c e  the  d is c u s s io n /w i l l  be co n tin u e d  
u n d e r lth e  .h e a d in gs //o f p a p t ic u la r ' . p r o p e r t ie s r a th e r  th a n  o f 
p a rtic u la rA m o u ld e d  s t ru e tu re  s _ a s inA th e  (p re ced in g  w o r k  .- . A v -. >
1 8 .1 . Modulus o f . E la s t i c i t y . ( (A' A(A . (• - * ■/. ;( .A =A
. .• „ /7 :A ;(  1 8 .1 .1 . P a r a l le l  F ib re  Systems, a. : A ="■='( . ■ A1'A /A( = . . (
( (4 -"AaZ/A-., * A;A: 4 (; "The l im ite d  ^comparison a v a ila b le  • i
suggested th a t  the  custom ary e xp re ss io n  f o r  lo a d in g  p a r a l l e l  {
to  the  f i b r e 1-axes, ‘ A< • " ■ =• A " J
-■-■(A,. A . E •(" ; 7 , a - ’ * ’ i
• A A / ; ;  ■ /■: g2- = 1 + (m -  i ) v f  (14)
AA/A'A; .A’1 ■ m > ' /• ( • , '/. • i
i s  a p p lic a b le  p ro v id e d  th a t  an a p p ro p r ia te  va lue  o f:m  
i s '  o b ta in a b le ; t h is  shou ld  be assessed .wherever possib le /(ih .;- 
r e la t io n  t o ; measured va lu e s  o f  Em and E^, and an a d d it io n a l ■;
re d u c t io n  /o f the  va3.ue may be th o u g h t d e s ira b le  where the. / 
n o m in a lly  s t r a ig h t  f  ib re s  have become wavy ' due to  moxilding. - G'- 
e f f e c t s .  The.Asmall specimens te s te d  o f fe re d  a c o e f f ic ie n t  o f 
v a r ia t io n  /o;f. .18$, .bu t i t : may. be expected ' th a t  good com m ercia l 
m ould ing  in /  la r g e r  c ompohents would re  due e t h is  t o  ab o u t : 10 
E qua tIo n  (14) may, s u b je c t ( to  th e  c o n d it io n s  s ta te d , be ta ke n  ( 
as s u f f i c i e n t l y  a c c u ra te / fo r  modulus assessment A in  r e la t io n ,  
to  th is /y a n tie ip a te d ; .yariatidnW,A''/((v:AA Ga(/(.A;(/£>A;A^*( ;• _ 4.. 4$ A.;(;(A ’
-s.-f  ■ , , * . . 4' ' • - / ' * "• > •’‘.I f. X ^
For tra n s v e rs e  lo a d in g  th e : expr e s s i  on • '■ xfa fa;; yfa yfafafa;fafafa
E t - . 1  + f C e ^ f a  1)
2T .m
was used, in  w hich £ = 0 .2806 -  0.0C506;n0 ' 6 ana g = 4 .71 ~ 4 .5 4 n r0 ; '
and was found to  agree w e ll with.'..the s in g le  e xp e rim e n ta l •, va lu e  
o b ta in a b le . A t such low  f ib r e  cont.ehtsfa how ever, o n ly  a /g faoss ly  
in a c c u ra te , e xp re ss io n  would o f f e r  s ig n i f ic a n t  d e v ia t io n  fro m v 
the  tru e  v a lu e , and com parison a t f ib r e  co n te n ts  o f ,  say fa fay. - .
0 .5  o r 0 .6  would be necessary to  c o n firm  the  v a l i d i t y  o f (6 6 ) .
I t  was a ls o  no ted  th a t  the  c o e f f ic ie n t  o f  -va ria ti< ^ .fa p ]f >R 
E. was 27/fa p ro b a b ly  f a l l i n g  to  about 20$ w ith  good com m ercia l
v ' ’fa \ . y, v .fa •* ■ ' : *' * ? .fafa i • *fay *
m ou ld ing , bu t s t i l l  h ig h  enough to  re n d e r g re a t accuracy o f 
th e o r e t ic a l  assessment unnecessary . . . ' x x  fa. xfafafa-y^
• ... I t  is  th e re fo re  . suggested th a t  (66) .shou ld  be s u f f i c i e n t l y  \ 
a ccu ra te  f o r  most p r a c t ic a l  d es ign  pu rpo se s , The v a lu e • o f  farm ,]
need n o t be reduced f o r  w av iness, as t h is  would n o t a f fe c t  
tra iB /e rse  lo a d in g  perform ance to  a m easurable1 e x te n t.  R- fa
O blique lo a d in g  under ' f r e e  s h e a r’ 
c o n d it io n s  is  re p re se n te d  by e q u a tio n  (55) : ~  ^ 4 fa;fa;yfafa''
Ex  = ( a?- b cos 20 -  c s in 2 2©)“ ^
t fa1?y • y .
where a «: ( a + 1)
b = - i d  - 1)
= i ( 1  + 2-M. : + Ea -  l a  )
" ' ‘ta - d  B S
Th is  was fo u nd  to  g iv e  good agreement w ith  measured va lu e s  
when used w ith  measured 'va lues o f and E^, an assumed va lu e  o f
0.32 f o r a n d  a c a lc u la te d  va lue  f o r  Ga .^ u s in g  ( 13 1 ) ••'■'The
e xp re ss io n  is :  found", to.bq. somewhat s e n s it iv e  to  the  va lu e  o fy G ,, ,
' . ' ■ • ; * 4 . ' . . fa, * . fa. fay 3. 0
w hich cannot r e a d i ly  be measured, bu t i t  seems p robab le  th a t  
(131) g ive s  an accu ra te  enough va lu e  in  r e la t io n  to  the  fa • . 
expected v a r ia t io n . .  The s m a ll-s e c t io n  specimens o ffe re d  a t / :  
c o e f f ic ie n t  o f v a r ia t io n  ra n g in g  from  18$. a t © •» O .to  27$ Ja t
© -  9 0 °, w ith  a peak o f 49$ a t © = 79°• Under com m ercial m ou ld ing
c o n d it io n s  the  w o rs t va lu e  shou ld  no t exceedfa sayV 25$ in  la rg e r?  
components, p a r t ic u la r ly  in  v iew  o f  the  g e n e ra l in a d v is a b i l i t y  
o f u s in g  mass la m in a te s  o f p a r a l le l  f ib r e  u n s ta b il is e d  by crossed
la ye rs ;. .-..fa, . fa y. y yfa
1 8 .1 .2 . Grossed F ib re  Systems. -.'fax '
I t  would be expected th a t  a sym m etrica
•fat farfa fa y fa , • ;-fa ’ • v yy fafa t, 
 i ix-. _ 1 fafafa
c r  os s e d - f ib re  system would p o r t r a y . accu ra te  l y  „ th e  1 no-shear;1; 
c o n d it io n ; re p re s e n te d  by ' e q u a tio n  (256):,: b u t i t  has a lre a d y  been
shown th a t  the  45° system d is p la y s ,  w ith , v e ry  low  s c a t te r  ( 6 $ ) j
a modulus 'v a lu e  w hich i s /  about 21$ lo w e r than ;'the© va lue© g iven  . 
by (256) though th e re  © is  accep tab le  agreement a t o th e r  a n g le s .
I t  has been suggested th a t  th is  low  va lu e  may be due+to Y  j
a predominance o f sh rinkage  damage a t t h is  p a r t ic u la r  o r ie n ta t io n ;  
i f  so, th e  E-Q curve becomes a fu n c t io n  o f m ould ing  param eters 
and w i l l  va ry  between, f o r  example, h p t and co ld -p ro ce sse d  b . 
m ou ld ings . ©y . . b© ©.©© '■©©>. / ‘ Yb ;7 . j  '"'9-;.© * '7 :;Y- ']
A f i r s t  a p p ro x im a tio n  to  an e xp re ss io n  ta k in g  in to  
account these sh rinkage  e f fe c ts  is  g ive n  by (271 a) : -  . ‘ '©
E " <= K ' ( ' l  -  p *s iri 28) . 0 b b ; - r  ©  (2?1a)
X  . X -  .©*-*• * \  :*7 «.'« /  - ■
where E^" = ' c o r re c te d ' modulus f o r  sym m e trica l c rossed
f ib r e  system
E ' =  th e o r e t ic a l  modulus f o r  no -shear system , g ive n
X  ' * ' . , f 7© ” • ' . ‘* • •©/'■'. *' a. * V ©4 ' © •
by e q u a tio n  (159) Y© (.1©
p = process fa c to r ,  taken  as 0 .2  f o r  th e  m a te r ia ls  
and processes be ing  d iscussed  h e re . ,
Only one s e t o f  b iased  c ro s s e d - f ib re  te s t  bars was used, 
so no g e n e ra l e xp re ss io n  f o r  t h is  type  o f  system can be p re se n te d  
w ith  any c o n fid e n c e . I t  was m ere ly  noted th a t  the  in c lu s io n  o f 
10$ ' o p p o s ite  sense1 f ib r e  appeared to  ra is e  th e  modulus to  the
th e o re t ic a l; . In d  sh e a r1 v a lu e -g iv e n  by E 1 , f o r  © « 22-J0 , w h ile
re d u c in g  tlie,; c o e f f ip ie n t  - o f  v a r ia t io n  from  18$ f o r  th e  p a r a l le l  
f ib r e  e q u iv a le n t ,  to  12$. ‘ ©! b’bw
1 8 .1 .3 *  Random F ib re  Lam ina te .
Numerous te s ts  le a d  to  va lu es  f o r
E o f  1 .43  x  10 l b f / i n 2 . in  t e n s ib h , .1 .30 x  10^ l b f / i n 2 iu©©© 
com press ion , arid 1 .7 x  10^ l b f / i n  -  a f t e r > c o r re c t io n  f o r  -b
n o n - l in e a r i t y  -  in  b e n d in g ; the  -co rrespond ing  c o e f f ic ie n ts  o f 
v a r ia t io n  were 8 , 6 and about 8 $ . A l l  these  va lue s  r e la te  
to  lo a d in g ’ in  the  p lane  o f la m in a tio n ,  f o r  which an a p p ro x im a tio n  
was developed in  the  fo rm :-  }© 7 Y ; •' V / b Y Y 7 v©n'’ -
r Ep “  0 . 7 St + 0 .3 E a
T h is , u s in g  measured va lu e s  o f E© and E, g ive s  E 
= 1.52  x 10 l b f / i n  , which i s  c lose  to  the  ^average f o r  the£T ' • *• % O
th re e  measured v a lu e s ;o f  1 .48  x  10 l b f / i n  . F o r com m ercia l
y+AA a v .to A- -•=( A; A'-/;;-/:,: 7 -' (A A'4’'(3(3((m 3(,;'4Aa-/ 246 i*: 3? ■ '<■'*•’» ,/££'. • ’T' a’ .*■ .-•/.• 4- _ * • • • A?  ^» * * .v • - a to, .-'‘A/A*' ■ A-. * \G A-mla A ' »
p u rp o s e s ( I t  shou ld  n o t g e n e ra lly  be1 necessaryytoAseparateAAAl..;. TO A A' A“ '*•* 4 ;• -l■ -• TO ’ < ■ - . . .  . ' - t o ‘ y-; A.'••*'*(jrf. T.* a’
th e  th re e  va lu e s  f o r  des ign  purposes, s in ce  accu ra te  p r e d ic t io n  oi
the ; separa te  lo a d  components in  .a ;p a r t ic u la r  m ould ing  w i l l ( r a r e ly -
be e i th e r  p ra c t ic a b le  o r d e s ira b le *  E q u a tio n  (169) may th e re fo re  4
be ta ke n  to  be reasonab le  f o r  g e n e ra l use . ( to4A4>a :4A'
' - V : -A-;,' ' • •-
1 8 .1 .4 ; Gluith. Lam ina te . 4a /
F or lo a d in g  p a r a l le l  to  one s e t / o f  
f ib r e  :axes , th e  measured modulus was found to  agree w e ll w ith  j
th e  average o f Eo and E. as c a lc u la te d  from  (14) and (6 6 )3 w ith  A' ‘ 4 3 9* ^ * ' " -’A, - ’ ' ; J \ "
a *reduced* m odular r a t i o  o f 9* The, modulus f ig u re  was o r ig in a l l y 1
m o d ifie d  in  o rde r to  c a te r  f o r  f ib r e  b u c k lin g  due to  s h r in k a g e ,
b u t in  t h is  case appears a ls o  to  a llo w  f o r  f ib r e  k in k in g  due to  \
in te rw e a v in g ;;: th e  reduced r a t i o  may th e re fo re  be ta ke n  to  a p p ly  j
to  any c lo th  system , w hether h o t o r c o ld  fo rm ed. /.<( I
W ith the f ib r e  a x e s (a t 45 to  the  load /
a x is  the  system becomes e f f e c t iv e ly  a n o -sh e a r s t ru c tu re  to  \
w hich E 1 shou ld  a p p ly , g ive n  b y  e q u a tio n  (159) ; 4but : i t  i s  a >-- 3/ . A.'-MX.v-- ; . - ■ .ato . a  ■ ; /A' ■ ■■ v, • _ j
found th a t  the  measured modulus va lue  is  h ig h e r  than  expected , , j
-  1 .4 6 .x  10 l b f / i n , '  a g a ln s tc a e th e o re t ic a l va lu e tfro m o ('1 5 9 )‘' o f  j/r q
1.21 x 10 l b f / i n  , -  and t h is  is  th o u g h t to  be m a in ly /d u e /to
th e  h ig h e r  <x ^ v a lu e  a s s o c ia te d  w ith  the  in te rw o ve n  s trx ic tu re .  
E q u a tio n  (159) may be c o rre c te d  b y  in c re a s in g : th e  va lue .4b f A t .
by 40$ from  th a t  deduced u s in g  ‘ s ta n d a rd 1; va lu e s ; in
the  g e n e ra l i ty  o f  t h is  has n o t been e s ta b lis h e d  * I f  i t -  .were, an-
■•.4-** j  1. ■ \ ' . A *• * • ' -A • 4*y 4' -t-1
e s tim a te  o f  E f o r  o th e r  lo a d  a x is  o r ie n ta t io n s  co u ld  be
found by ta k in g  E * w ith  th e  m o d ifie d  G , foxy;the two;© va lu e s  4
. . 3 - A.- - X .  3  XL .; -*4 < ' • ' ■' a 3 ; /  ,< w(  V '*  ..
o f th e  re s p e c tiv e  f ib r e  d i r e c t io n s ,, and ta k in g  t h e i r  a ve rage .
.,,.(( 18; 1 * 5 . (Bough M ould ing  Compound. A 4 .A '; ( . (  a 
,'A •* , J . ‘ . ; . The o n ly  e q u a tio n  a v a ila b le  f o r - ;  .
e s t im a tin g  E fox* t h is  type  o f system is  (176) , which r e fe r s  to  
an' id e a l lo n g -s tra n d  ra n d o m -fib  re  s o l id  and g iv e s : -  A +
E -s i  Et  +  0 * 65 v f  (1 -  v f ) (E a - E t ) (176)
•i
The va lu e s  g ive n  by t h is  expo?essioh were found (17-14 ) to  Abe ■ 1
about 50$ lo w e r tha n  th e  measured v a lu e s , w hich in  tu rn  were J■ ■  ' ' ■ ■ ■" ’ 1
g r e a t ly  s c a tte re d  and showed no p ro g re s s io n 'o f  s t i f f n e s s  w ith  
f ib r e  c o n te n t• . I n  th e  absence o f f u r th e r  in fo rm a t io n ,  i t  can 
o n ly  th e re fo re  be t e n ta t iv e ly  suggested th a t  th e  c o n s ta n t in  
(176) be ra is e d  from . 0 .6 5  to ,  (s a y , 4 .0 ;  t h is  g iv e s : -  A.,-: A
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/  T h is  'b r in g s ! th e  s o lu t io n /w i th in  about 25$ o f  ine a h u f e c l  /va lu e s  
fu r th e r  'ana l'y$ is ::-:requires7.:Xai?ger numbers o f te s t  p ie ce s ,/m b u ld e d  
from  a compound o f g re a te r  m ix u n ifo r m ity .  -fa/- fay fa ' vfafab
1 8 .2 ; T e n s ile  S tre n g th . , . •. fafa, . " x  fa/fa fa
- 7 1 8 .2 .1 . P a ra lle l-  F ib re  Systems . ; !!;. j-.fafa; V-■
. .fa ? fa f a f a T h e  u lt im a te , s tre n g th  o f a p a r a l le l -
fib re :- array? in  a x ia l  te n s io n  is  g ive n  t h e o r e t ic a l ly  b y : -
d  au "  v i ' d  f  u
where '(& ^ i s  the  u lt im a te  te n s i le  s t re n g th -o f  the  r e in fo r c in g  ' * 
f i b r e .  T h e : fa i lu r e  mechanism is  more co m p lica te d  than  the  fa;., 
p o s tu la te d /p ro c e s s  u n d e r ly in g  the  above e x p re s s io n , w hich can 
o n ly  be used i f  a reduced 'e f f e c t i v e '  va lu e  o f  d> £u i s  -fax 
in tro d u c e d . The va lu e  suggested by the; te s ts  c a r r ie d  ou t in  th e  
p re se n t c o n te x t ! is .  about 10 l b f / i n  , o r about one t h i r d  o f 
th e  p u b lish e d  s tre n g th  f  o r /g la s s  f ib r e  fa t h is  f ig u re  shou ld  be 
considered,' w ith  :due re fe re n c e  to  the  s c a t te r  o f  15$ on th e  
measured a x ia l  s t re n g th s ? and to  the  fa c t  th a t  o n ly  one va lu e  o f
v ^  /w a s a v a ila b le  f  o r .th e fa te s ts .
.'fa ; -fax/far..* ’ fa T e n s ile  s tre n g th  under tra n s v e rs e
lo a d in g  is /e v e n  more d i f f i c u l t  to  p r e d ic t ,  though th e fa 'd e s ira b il i t  
o f  a ccu ra te  p r e d ic t io n  becomes q u e s tio n a b le  in  the  l i g h t  o f  th e  
50$ v a r ia t io n  in  measured s t re n g th .  The average s tre n g th  measured 
f o r  th e  .one v^ va lu e  o b ta in a b le ;. co u ld  be met by the  sem i- 'fa 
e m p ir ic a l e xp re s s io n , m o d ifie d  f ro m « (207) * -  ‘ 'fa’ xfa;:fa>
■: ' ;  fa: d tn-  o .6 ^ rnu( 1 - 1 .1 5 . v f > /  ■ • (275)
Fo r the  te s t  p ie ce s  used h e re ,:g o o d  
agreement was o b ta in e d  f o r  th e  te n s i le  s tre n g th  under o b liq u e  
lo a d in g  by ta k in g  i t  as th e  s m a lle r  o f the  a lte r h a t iv e  va lu e s  
g ive n  b y : - :  fa. : .-.fa \ •/ fa /fa
d  -  2 d aua xx 1 + cos 20
xx
1 1 -  c
where <o and ( j  fa are the  measured te n s i le• 9U x* ’ ' ‘ hU / R-x* , *•' *• * . V ; " fa ■
s tre n g th s  in  the  a x ia l  and tra n s v e rs e  d ir e c t io n s  re s p e c t iv e ly  
fox' the  p a r a l l e l - f ib r e  system . F a i lu re  i s  found  to  correspond  to  
tra n s v e rs e  te n s ile :^  ’f a i lu r e  f  o r: a l l  va lu e s  o f  & g re a te r  / th a n ; about 
1 2 °, f o r ; the  - system: o f v~ = 0 .21 /te s te d  in  the  c u r re n t programme *
248:
Grossed F ib re  Systems.
'F a ilu re  o f the  sym m etrica l c rossed  
f ib r e  system is  c o n d it io n e d  by th e  in te r la m in a r  shear f a i lu r e  
w hich must occur b e fo re  th e ;b ro k e n  h a lves  can s e p a ra te ; the  te n s i 
s tre s s  to  cause t h is  f i n a l  s e p a ra tio n  i s  g ive n  by ( 272) : -
i 4 x  = Y - Y T s i n Y  0 ( 2 7 2 )
where b = b re a d th  o f re c ta n g u la r  s e c t io n  
t  = th ic k n e s s
n = number o f la m in a tio n s  pe r u n i t  th ic k n e s s  
= e f fe c t iv e  in te r la m in a r  s h e a rin g  s t re s s .
On t h is  b a s is  the  . te n s ile  s treng th .becom es a fu n c t io n  o f  th e
te s t  p iece  geom etry, im p ly in g  th a t  the  f a i lu r e  mechanism must
be con s id e red  in  the  l i g h t  o f  th e  system geom etry r a th e r  than
p u re ly  as a p ro p e r ty  o f  th e  b a s ic  m ould ing s t r u c tu r e .
For th e  s e c tio n s  te s te d ,  the  above e xp re ss io n  was found to
g iv e  accep tab le  accuracy w ith  a .va lu e  f o r  . o f about 650 l b f / i n 2
ot h is  formed the  f a i lu r e  envelope between about 20 and 83 .T h e  
re m a in in g  envelope segments were formed by (2 1 9 )J-
© = 0 to  17°: ° 2 Y u
A x ia l f ib r e  te n s io n  I + cos 29 -  2 ^ s in  £©
© = 17 to  2 0 °: t / . x x ‘= _ _ f 4 u _ _ _ _ _ _  0  (219)
In -p la n e  shear • 1 -  cos 2© + 2 ^ s in  2©
© = 83 to  90°: a t  = 2 © t u _____
Transverse  te n s io n  s in  3© + 2»/cos 2©
where . and . may be ta ke n , f o r  the
a . U  T/ U. c l  If U. O
m a te r ia l te s te d , as 21 600, 1 000 and 3 000 l b f / i n  r e s p e c t iv e ly .
The in te rc e p t  o f th e  in te r la m in a r  shear envelope upon the  th re e
segments re p re se n te d  by (219) w i l l  depend upon the  te s t  p ie ce  
geom etry, as in d ic a te d  above; in  the  p re se n t case b , t  and n 
were taken  as 0 .6  i n , PQ #25 in  and 40 la y e r s / in  r e s p e c t iv e ly .
^ - in  (219) i s  Gxy/Q  , o b ta in e d  from  e qua tions  ( 155) w ithi)
th e  s tanda rd  o r measured param eters a lre a d y  .-s p e c if ie d ; i t  is  a 
s m a ll q u a n t ity  and need n o t be c o n s tru c te d  w ith  g re a t a ccu ra cy .
The above f a i lu r e  envelope i s  c o m p lic a te d , p a r t i c u la r ly  when 
i t  i s  borne in  mind th a t  th e  measured s tre n g th  v a r ia t io n  had 
va lu e s  a t 0 , 20, 47 , 73 and 90° o f 15 , 6 , 18, 33 and 50$ 
re s p e c t iv e ly .  S im p l i f ic a t io n ,  however, cannot be a ttem pted  w ith  
co n fid e n ce  u n t i l  f u r t h e r  t e s t  m a te r ia l becomes a v a i la b le .
/ For th e  s in g le  te s te d  case of, a . b ia se d  c ro s s e d - f ib re  
la m in a te , ; in"' w h ich © «* .22%? and 10$ /o f th e  la m in a tio n s  ;were 
la id  in  the  opposing sense, the  s tre n g th  was close; to  th a t  
in  tra n s v e rs e  te n s io n  f o r  th e  co rre sp on d in g  p a r a l l e l - f ib r e  
system . No use f  u lcd e ve 1 opment o f t h is  o b s e rv a tio n  can be 7©' 
made w ith 'a n y  con fidence^ '. / ’ '7 :7© , .©£ ■
. • 1 8 .2 .3  • Random F ib re  L am ina te . '7 7 '. .7 7 -7 7 © 7 *
For lo a d in g  in  the  p lane  o f la m in a tio n  
a p o s s ib le  s tre n g th  e x p re s s io n ,•based upon the  s u p p o s it io n  th a t  
m a tr ix  d is in te g r a t io n  precedes te n s i le  f a i lu r e  o f the  f i b r e s ,
is
b  u  © a  .vf . 6 fu
except? a t v e ry  low  V j,.,va lues , when ! from  ( 276) becpmes/
" * * f j i - %' • ’ at * n .’j - ii' • • ' i *
le s s  th a n  o  * ■ / <■• . ©©©7 :; mu i + '©■“.© ; / © '
- Measurements suggest . th a t  i f  O ^  i s  ,taken  a t i t s  'reduced* 
va lu e  o f 10^ l b f / i n 2 , th e  co n s ta n t A in  (276) shou ld  be about 
0 . 5 . These f ig u re s  a re , however, based upon a s in g le  v^  va lue
o f 0 . 2 1 . 7  © :; . © '• ■ . ''••©.© . 7  © I'; ©
' In  pure b e n d in g .th e  s tre n g th  was found to  co rrespond  to  
a va lu e  f o r  (o about 29$ h ig h e r than  th a t  in  pure te n s io n ,r  ~ u
su g g e s tin g  th a t  f o r  p u re /b e n d in g  A co u ld  be about 0 .6 .
: 1 8 .2 .4 . Dough M ould ing  Compound. © *77© •'"'©©©©'.
I n s u f f i c ie n t  te s t  da ta  were a v a ila b le  
f o r  t h is  case; f i r s t  a p p ro x im a tio n s  suggest th a t  i f  a s tre n g th  
e xp re ss io n  such as ( 276)v i:S ‘.to  be used, A should: be. about $  
f o r  . te n s io n  and -J in  pure bend in g , ta k in g  ( j  „ aga in  as 
10y l b f / i n  . I n  any s h o r t - f ib r e  m ix such as t h i s ,  p ro g re s s io n  
o f  te n s i le  s tre n g th  w ith  f ib r e  co n te n t is  in h ib i t e d  by th e  
b u ild -u p  o f  s tre s s  c o n c e n tra tio n s  and b y : in c re a se d  m ix ing , 
p rob le m s, so th a t  c o n te n ts  exceeding 15$ o r so can o n ly  be© ' 
g e n e ra lly  o f academic in t e r e s t . -  ' ■ © 7 /7©
250
7 . X 18 .3* S hearing  S tre n g th . ; . 8 xx ifa /fa y Y -■ ■■pHfa .-fax''.
1 8 .3 .1 .  P a r a l le l  F ib re  Systems. fafafaxfa fafa;
fa.7. • - : . The a n a ly s is  o f s e c t io n  1 7 *10 *4.7
lea d s  to  the  fo l lo w in g  approxim ate .expressions f o r  the  p r in c ip a l  
sh e a rin g  s tre n g th s  in  p a r a l le l - f ib r e  la m in a te s
= 0 . 6 7 ( 1 - 1 . 1 3 ^ ^  ?X. ; x . X  X; ? ffa >
< y  = 1 .7 (1  - 1 .1 3 /  f  ,  ___L anu 1 x \ h r ~ ^ r -  '  v. mu
,  .. v -  v m
= 1 .4  v  r  apu m v mu
where the  sh e a rin g  s tre n g th s  concerned are d e fin e d  in
F ig . 107 and vm is  the  p ro p o r t io n  o f  the  t o t a l  volume which may
be ta ken  as pure m a tr ix  between the! la y e rs  o f f ib r e - r i c h  .-fa .7 
com pos ite , as in d ic a te d  in  F ig . 108 and the  a s s o c ia te d . te x t • 
Assessment o f the  accuracy o f these express ions, was aga in  l im i t e d  
by shortage  o f t e s t  v a r ia t io n s ,  and f o r  (266) and (267) a va lu e
i s  a ls o  re q u ire d  f o r  v ffi; in  th e  m a te r ia ls  te s te d  t h is  was about
0 .5 ,  b u t i t  co u ld  v a ry  c o n s id e ra b ly  w ith  charge s tru c tu re  ‘and 
m ould ing  te c h n iq u e .
) • 1 8 .3 *2 * Random F ib re  Lam ina te . ?fa '
The p rese n t te s ts  suggest th a t  
th e  in te r la m in a r  shear s tre n g th  r T npu may be g ive n  a p p ro x im a te ly  
by an e xp re ss io n  o f the  same form  as- (2 6 6 ), u s in g  a reduced, y m 
o f about 0 .3  To express the  e f fe c t  o f in te r la m in a r  in te r fe re n c e  
The r e s u l t in g  e q u a tio n  has, a g a in , been based on o n ly  one va lu e  
o f  v.f.X . . 7 • v; . . . . .  /  fa . V, ' , ;Xfa / ;,
S hear: f a i lu r e  in  a tra n s v e rs e  p lane  i s  a sso c ia te d  w ith
te n s i le  f ib r e  f a i lu r e  across a p lane  o f d is in te g ra te d  m a tr ix ,  and 
the. lappropr.ia tn :‘ty sh e a rin g  s tre n g th  / V  i s  then  a p p ro x im a te ly :-> ,, • . • •> r  ppu
th e  same as th e  te n s i le  s tre n g th  r 0  u g ive n  by (276)
1 8 .4 . C o e f f ic ie n t  o f L in e a r  E xpansion. . , fa ? ■??’ /
No reasonab le  correspondence, 
o th e r  than  in  a n t ic ip a te d  t re n d s , co u ld  be found between fafafa 
a n a ly t ic a l  and measured va lu e s  f o r  the  c o e f f ic ie n t  o f  .e xp a n s io n s 
and th e  a p p ro p r ia te  exp re ss io ns  w i l l  n o t th e re fo re  be quoted, here 
There was p ro b a b ly  c o n s id e ra b le  e r ro r  in  the  method o f measure­
ment , and fu r th e r  e x p e rim e n ta l work i s  necessa ry . fafa~
- :. ’?-'•? fa ;
t ( ^  ^ O". .   ^
_ ■  :_:______________;__:................I..... X-    . .....
'1 9 -  In t r o d u c t io n . ' . ■ (A A ■ : A a  '"-A..A +;7; A-. . I
* *" 4 " / A : In  the  preceding: s e c tio n s  the
p ro p e r t ie s  o f th e  c o n s t itu e n t  f ib r e - m a t r ix  s t r u c tu r e s ' used in  j 
fa n  component m ould ing  have been s e p a ra te ly / assessed by d i r e c t  ] 
measurement, and to  some e x te n t g e n e ra lis e d  by re fe re n c e  to  
e a r l ie r  th e o ry . - 'A- A;- ’’./AG,3 - A r i : < aaa3 . 3. j
An a tte m p t may now be made to  in v e s t ig a te  the a p p l i c a b i l i t y  j 
o f  these  e a r l ie r  developm ents to  p r a c t ic a l  des ign  cases by 
p r e d ic t in g  the  c h a r a c te r is t ic s  of. e x is t in g  form s o f moulded 
component-and check ing  these a g a in s t measured v a lu e s . I f  t h is  
p rocedure  in d ic a te s  the  e x is te nce , o f a v a l id  des ign  approach, • 
su g ge s tions  may th e n  deve lop  f o r  improvement o f the  component j 
c o n f ig u ra t io n s  and m ould ing  methods c u r r e n t ly  used in  fa n  / 
m anu fac tu re . A/A ■ ■. (AA 'v3'"'4/:A' y: -.
. ' / ’/■(. yy : - - . The a n a ly s is  w i l l  be p r in c ip a l ly
concerned w ith  fa n  w ings, as these have caused the  g re a te s t 
concern  w ith  re g a rd  to  t h e i r  measured s tre n g th  c h a r a c te r is t ic s ;  
A f te r  a g e n e ra l d e s c r ip t io n  o f the  e x is t in g  fa n  assem bly, 
d e ta i ls  w i l l  be p resen ted  o f the  w ing geom etry, o f the  m ould ing  
methods used, and o f the  lo a d in g , expected under norm al A/. 3,. ' : 3
o p e ra t io n a l c o n d it io n s  . a  a . / ;a .y( Ay. • *. / / . '(  A
D isbussijbn w i l l ,  f  o llo w  o f  the  s tre n g th  te s ts  w h ich  have 
been c a r r ie d  ou t on p ro d u c tio n  w ings , on s p e c ia l.w in g s  moulded 
by G e o ffre y  Woods L im ite d  f o r  in v e s t ig a t io n  purposes, and on 
a sso c ia te d  te s t  systems used f o r  secondary e v a lu a t io n s . These 
s e c tio n s  w i l l  in c lu d e  te s ts  c a r r ie d  ou t p r io r  to / th e  i n i t i a t i o n  a 
o f  the  programme upon which t h is  tre a tm e n t is . based. ( JT j
The t h i r d  phase o f t h is  p a r t  o f th e  th e s is  w i l l  in tro d u c e  
com parisons w ith  the  th e o ry  and measurements o f , p a r ts  I  /and I I , ‘ 
and the  f i n a l  d is c u s s io n  w i l l  concern p o s s ib le  im provements 
in  the  f i e l d  o f fa n  component m ou ld ing , as in d ic a te d  above/.
20. The G e o ffre y  ’Woods Fan.
- 2 0 .1 . P ro d u c tio n  Range. . ' y/AA
•'A . The t o t a l  range ‘bfy-fans; produced-.by
G e o ffre y  Woods L im ite d  covers  d iam ete rs  o f 12 to  75 in ch e s  £ 
many o f  these s iz e s  b e ing  c u r r e n t ly  o r p o t. e n t  i  a 11y .a v a i1ab1e f o r  
o p e ra tio n  a t; 2 , 4 , 6 o r  8 -p o le  speed, i : e .  a t a p p ro x im a te ly  
2 800, 1 400, 900 o r 700 re v /m in  on 50-c y c le  supp ly*
PART. I l l  . THE DESIGN ..OF COMPRSSSIpMPULDED • FAN'.0OriPONENTS
— •' /  • ;W ,_y \
______________
Moulded assem blies are .used2 f  o r d iam ete rs  up , to  and © © 
in c lu d in g  48 in c h e s , w ith  development work p roceed ing  on < 
th e  60- in c h  u n i t .. Most o f the  work a sso c ia te d  w ith  c u r re n t 
in v e s t ig a t io n s  r e la te s  to  the  4 8 - in c h  fa n  ru n n in g  a t 4 -p o le  
speedy p a r t ic u la r ly  to  the  'h a l f© s o l id i t y *  assembly having© 
f iv e  w ings in  the  te n  a v a ila b le  hub s o c k e ts . © ,. . :
2 0 .2 . Fan Assembly.
A t y p ic a l  moulded fa n  assembly i s
in d ic a te d  in '  F ig . 113*
MOULDED 
WINGS
m o 'u l d e d  
CLAMP PLATE
CLAMPING
BOLTS
Fig.113.FAN ASSEMBLY.
y xfayy y y j lY f a ;  , ■ . ' .fa  . '253
- fa faEach, Wing o f  th e  im p e lle r ;  has fa a •"cy l.ind r i'c  *'
te rm in a t in g  in  a /shou ldered  p o r t io n  w ith  a s lo t  across the  end. j  
T h is  s ld t  engages th e  tongue o f a p la s t ic  r e g is te r ,  and the;, r o o t  
p in  and r e g is te r  to g e th e r  l i e  in  a recess in  one o f the  two 
moulded clamp p la te s  co m p ris in g  the  hub.♦ The r e g is te r  . f  i t s  
c lo s e ly  in to  the  clamp p la te  and hence (m aintains? the  in c id e n c e  
o f  the , w ing a t a p rede te rm ined  va lue  u n t i l  th e ;:two. clamp !plateS-- 
are b o lte d  to g e th e r , ?when the  ro o t  p in  is  R ip p e d  t i g h t l y  and 
cannot be ro ta te d .  R e g is te rs  are o b ta in a b le  p e rm it t in g  
in c id e n c e  s e t t in g s  o f / f r o m 18 o to  32° in  2° s te p s . / ';  .
. y The s te e l hub) o f the  im p e lle r  , is  bonded in to  one o f ;the  
clamp p la te s  and f i t s  in to  a h o le  th rough  the  o th e r . In  some 
assem blies the  hub is ,  keyed to  the., clamp p la te s  as in d ic a te d ,  
b u t in  o th e rs  i t  r e l ie s  upon the  bond f o r  to r s io n a l  lo a d in g .
A number o f 4 8 - in c h  im p e lle rs  has a lso  been te s te d  in  which the  
w ings are honded in to  the  clamp p la te  socke ts  and th e  p la te s  
them selves bended to g e th e r ,  though t h is  i s  n o t u su a l i n  . . / f a  
p ro d u c t io n . •/}/*:,fay y  fa . • .'fa-, ;
. . .   ^■ .. " “ y .• 'y /.fa y )fa  ' y  - .
2 0 .3 •? Wing G eom etry/ -fa;. :fafa?fa • / fafafafafafa •, ?
"• I n  The wings f o r  im p e lle r  d iam e te rs  j
up to  and in c lu d in g  48 in c h e s , th e  wing shape fo l lo w s . th e  
p a t te r n  o f the  d ie c a s t a lum in ium  wing: which the; moulded u n i t  
supersedes:. The r e s u l t in g  form  o f the  4 8 - in c h  w ing i s ’ shown 
in  F ig .114/ the  o n ly  s ig n i f ic a n t  change from  th e .d ie c a s t  form  
b e in g  th e  d isp la ce m e n t o f  the  ro o t  p in  a x is  from  the  a x is  o f 
sym m etry-o f the  p la n  form  in  o rd e r to  b r in g  i t  c lo s e r  to  the  
c e n tre  o f g r a v i ty  o f the  w in g «• On s m a lle r  w ings the . r o o t /  p in  a x is  
i s  k t i l l  moulded c o n c e n tr ic  w ith  th e  p la n fo rm  a x is  o f symmetry. '•
2 0 .4 . M ould ing  o f' P ro d u c tio n  Wings. fafa' y : ■ ' . v'fay'fa fa
A lthough  m inor e x p lo ra to ry  changes are 
made in  the d e ta i le d  s t ru c tu re  o f the  m ould ing  charge from  tim e  
to  t im e , th e  b a s ic  charge la y -u p  f o r  th e  4 8 - in c h  w ing c u r r e n t ly  
ta ke s  the  form  in d ic a te d  in  F ig .1 1 5 ;. The b a s ic  co n e iitu e nY ? a s  
a  s in g le  sheet, o f  random f ib r e  mat r ■■■reinforced over^ th e y rb p t1 p in  
re g io n  by a p ie ce  o f  p a r a l le l  f ib r e  s h e e t, . w h ich is  fo lded?-over 
the  edge o f the  random f ib r e  to  p lace  the  p a r a l le l  f ib r e  axes a t 
about 25° to  the  ro o t  p in  a x is .  A fu r th e r  r e ta in in g  s t r i p  o f 
p a r a l le l  f ib r e  is  g e n e ra lly  in tro d u c e d  to  form  a ta n g e n t ia l 
s p i r a l  w ith in  the  ta p e re d  shank o f  the  r o o t  p in ,  as /a  form  .o f 
flow; c o n tro l ; b u t the  e f fe c t iv e n e s s  o f  th is ,  s t r i p  has n o t ! been . 
p roven and i t  is  o m itte d  from  some p ro d u c tio n  runs *
f 67 dia
DIMENSIONS IN INCHES
F ig .114. GEOMETRY OF MOULDED WING .48-'inch : 
IMPELLER.
•11 dia. 
1-42 dia. 
1*48 dia.
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f ib re  s DIMENSIONS IN INCHES.
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Fig.115; CHARGE PREPARATfON FOR PRODUCTION 
MOULDING OF 48-IN C H  WING© /;©©©©©"
The th re e  charge components are assembled to g e th e r  as 
in  F ig . 115 and then  fo ld e d  and r o l le d  by hand, w e igh t ad jus tm en t 
b e in g  e f fe c te d .a t  t h is  stage by adding o r rem oving sn ip s  o f 
random f ib r e  m at. The r o l le d  charge is  enclosed b e tw e e n ;c lo th  
fa c in g s  as in d ic a te d ,  th e  o u te r  fa c in g s  b e in g  f u l l  le n g th ;  ; 
and the  in n e r  ones coming o n ly  h a l f  way up the  body o f th e  w ing . 
These fa c in g s  are aga in  in te n d e d  to  c o n t ro l f lo w  in  th e  m ould, 
and a lso  to  i n h ib i t  the  g e n e ra tio n  o f su rfa ce  c racks  in  s e rv ic e .
F in a l ly ,  the  assembled charge is  p la ce d + m  the  lo w e r h a l f  
o f  a s te e l m ould, p rehea ted  to  130 — 140°0 and tre a te d  w ith  
re le a s e  agen t, and the  mould is  c lose d  f o r  about 15 m in u te s .
The p a r t in g  l in e  o f the mould, fo llo w s  the  p la n /p r o f i le .  .A 
o f  the  w ing , a t y p ic a l  mould s e c t io n  be in g  show n:/ih :,F ig £116+,. 
A s l ig h t  o ve rch a rg in g  is  custom ary, le a d in g  to  a .sm a ll / f la s h ;  
e x tru s io n  d is t r ib u te d  e ve n ly  a long  the  p a r t in g  M in e ; t h is  i s  y 
trim m ed o f f  by hand a f t e r  c o o lin g .  . .
Fig.116. WING MOULD SECTION
21. Fan Load.ing due to  Normal O p e ra tio n . / (A :
T h is  tre a tm e n t d e a ls  o n ly  w ith  - to; 
m echan ica l lo a d in g , and ta ke s  no a cco u n tyo l c o r ro s io n  o r e ro s io n  
e f fe c ts  due to  o p e ra tio n  in  adverse atm ospheres. A33,- A "■
The im p e lle r  is  c u s to m a r ily  d r iv e n  a t co n s ta n t speed: by 
an A .C . synchronous m o to r; th e  fa n  may ru n  f o r  lo n g  periods-, 
o r may ru n  and re s t  f o r  s h o r t  a l te r n a t in g  s p e l ls . The consequent 
m echan ica l lo a d in g  is  then  due t o : -  - ; Y :- .?-■ :y - .toY aA -a
(a ) I n e r t ia  lo a d in g  d u r in g  s ta r t in g  a c c e le ra t io n ,  ' 4
(b ) Aerodynamic lo a d in g  d u r in g  a ir f lo w  a c c e le ra t io n  a t y' 
s t a r t in g ,  , • .. ; a  ,/ /;•././= ' ’ (  ; A / v '• a  ' '
(e ) R a d ia l i n e r t i a  lo a d in g  a t co n s ta n t speed, " AV-toY a CAto '
(d ) Aerodynamic lo a d in g  at., co n s ta n t speed, , ;r
(e ) V ib ra t io n  a t c o n s ta n t speed/. 3 - '/A '-to . YY.- / ..'
V ib ra t io n  is  p r in c ip a l ly  o f in te r e s t  
in  r e la t io n  to  fa t ig u e  ; t r a n s ie n t . ’v ib r a t io n  :d u r in g  s ta r t in g  i s  
n o t th e re fo re  co n s id e re d  to  be s ig n i f ic a n t .  A' .A/' .A/to-
J •' r\ v* A-A • * % > i;‘ ,
'  - ' ’ • • . . * * : •* * 1
2 1 .1 . A c c e le ra t io n  E f fe c ts .  to A • ’ A- VTO
To assess th e  e f fe c ts  o f s ta r t in g : ' 
a c c e le ra t io n ,  speed-tim e curves -were p lo t te d  by fe e d in g  th e  7 
v o lta g e  o u tp u t o f  a fa n -d r iv e n  g e n e ra to r in to  an a u to g ra p h ic  
recordei? on tim e  sweep. T h is  system was used on a 4 8 - in c h  h a l f -  
s o l i d i t y  fa n  w ith  a wi-ng in c id e n ce  o f 14 °, w o rk ing  a t 4 -p o le  
speed on a 415-V 3~phase su p p ly  w ith  s ta r - d e l ta  s ta r t in g .  A
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range o.f cu rves was o b ta in e d  by p ro g re s s iv e ly  c lo s in g  o f f  .
th e  in ta k e  w ith  a n n u la r ha rdboard  r in g s  , so; th a t  s ta r t in g  co n ld /'M  
c a r r ie d  out w ith  the  fa n  un loaded o r f u l l y  s ta l le d ,  o r in  any 
in te rm e d ia te  c o n d it io n .  •
The s ta r t in g  cu rves o b ta in e d  d id  n o t in  fa c t  v a ry  a .g re a t ; 
d e a l,  be in g  a l l  o f  th e  g e n e ra l form  in d ic a te d  in  F ig .  117•
The a c c e le ra t io n  d u r in g  the  D e lta  
phase, g ive n  by t a n 0 2  > was an cases much g re a te r  than  the  
i n i t i a l  s ta r t in g  a c c e le ra t io n  ta n 0 ^ , and reached a maximum va lu e
o f  116 ra d /s 2 on th e  reco rded  cu rve s . Tak ing  t h is  as, say, 120
.2ra d /s  f o r  d e s ig n  pu rposes, mass d is t r ib u t io n  measurements on 
a moulded 4 8 - in c h  w ing in d ic a te  th a t  th e  co rre sp o n d in g  bend ing 
moment a t the  p o in t  o f e n try  o f the  w ing ro o t  in to  the  hub 
assembly would be 0 .038  t o n f - in ,  due to . i n e r t i a  e f fe c t  a lo n e .
I t  would n o t be easy to  measure the  co rrespond ing , lo a d in g  
to  to  the : i n i t i a l  a c c e le i'a t io n  o f the  a i r f lo w  th ro u g h  the  
im p e lle r  in  a x ia l  a n d ■s w ir l  components; th e  fa n  reaches over 
two t h i r d s  o f  i t s  f i n a l  speed d u r in g  the  s lo w ly -a c c e le ra te d  S ta r  
phase, however, so th a t  s h o r t- te rm  lo a d in g  due to  a d d it io n a l 
a i r f lo w  a c c e le ra t io n  th ro u g h  the  d e lta  phase i s  u n l ik e ly  to  
be s ig n i f ic a n t  in  com parison w ith  the  in e r t i a  e f fe c ts  a lre a d y  
in d ic a te d .
2 1 .2 . C onstant Speed E f fe c ts .
U sing measurements add draw ings f o r  
th e  4 8 - in c h  w in g , r a d ia l  in e r t i a  loads were c a lc u la te d  f o r  the- 
w ing ru n n in g  a t 4 -p o le  speed, ta ken  as 1 470 re v /m in . < . ©’
Aerodynamic lo a d in g  was a ls o  c a lc u la te d ,  u s in g  tw o - 
d im e n s io n a l c h a r a c te r is t ic s  f o r  the  G tt.ttingen 436 s e c t io n  in  
th e  c o n d it io n  o f in c ip ie n t  s t a l l  in  o rd e r to  re p re s e n t th e  0 -j 
h ig h e s t a n t ic ip a te d  lo a d in g . The r e s u l t in g  combined lo a d in g s  
are re p re se n te d  in  F ig .118, in  which i t  i s  assumed th a t  th e  
ro o t  p in  is  c o n s tra in e d  a g a in s t bending w ith in  the  hub p e r im e te r ,  
b u t c a r r ie s  r a d ia l  t e n s i le  lo a d  back to  th e  in n e r  r e ta in in g  
s h o u ld e r.
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Fig.118. MAXIMUM STEADY LOADING ON 4 8 - inch 
FAN WING AT 1 470  rev/m in.
ROTATION
TONF, INCH UNITS
I |  25°^
‘ Secondary sh e a rin g  and to r s io n a l  loacfs were" a ls o  7 ' ’ ;
c a lc u la t  ed , h.ut were n o t/fo u n d  t  O b  e . s ig n i f i c  an t : and h a ve /n o t 
been in c lu d e d  in  th e  cu rves -of F ig *118;•©. ©7 © 77 © 7 /7 ' I  • '
V ib ra t io n s  .were a ls o  in v e s t ig a te d  
a t co n s ta n t speed, u s in g  c r y s ta l  gauges on th e  ru n n in g  im p e lle r  
and m o n ito r in g  th e  s ig n a ls  take n  out th ro u g h  a s l i p / r i n g  u n i t  
on to  an o s c il lo s c o p e . C a l ib r a t io n  aga inst, ' f o i l  gauges on a 
s t a t ic  v ib r a t io n  r i g  u s in g  an id e n t ic a l  im p e lle r  th e n -p e rm it te d  
assessment o f th e  v ib r a t io n  am p litude  ,©.which was found r io t  to  
exceed a va lu e  g iv in g  a ro o t  bending moment o f about 50 l b f - i n  
i n  e i th e r  th e  ’ f la p p in g *  o r '. in -p la n e *  v ib r a t io n  mode, even. - 
w ith  the  im p e lle r  ru n n in g  in  a s ta l le d  c o n d it io n .  ©777© © ©•
21 • 3• ‘T o ta l D esign L o a d in g . «. ,- ; /. ■+©:;©7’ ■ © V©©77:'' "©©7
I t  i s  c le a r  th a t  th e  c r i t i c a l  lo a d in g  
c o n d it io n s  are found a t the  ro o t  o f the  w in g , ©Where h ig h  7  
r a d ia l  and bend ing loads are a sso c ia te d  w ith  cons ide rab le , change 
in  s e c tio n ;,  te s t in g  c o n firm s  th a t  t h is  i s  th e  area r e q u ir in g  
p a r t ic u la r  a t te n t io n .  /..*_•- .7© I ©P;; 7 ) 7 . 7 •  j '" /© ©  ' •
•© T a k in g  in to  account a l l  th e  lo a d  cases d iscussed  so f a r ,  
th e  o v e ra l l  peak lo a d in g  a t the  r o o t , on which des ig n  a n a ly s is  
may be based, i s  summarised in  F ig .119. '
•125 - 0*022 I  1
-  © o f © ©
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Fig.119 ROOT PIN DESIGN LOADS: 4 8  inch WING 
AT 1 4 7 0  rev/m in.
•! The r e c ip ro c a t in g  moment components o f? fa 0 ;022fat.pnf~inx 
re p re s e n t v ib r a t io n  e f fe c ts  and are n o t ta ke n  . in to  account 
when assess ing  th e  re q u ire d  s t a t ic  s tre n g th  u n d e r■ te s t*
The wings o f s m a lle r  im p e lle rs  are 
s u f f i c ie n t l y  s im i la r  in  geom etry to  those  of. the 48 -inck /,.fa  . •
im p e lle r  f o r  t h e i r  co rre sp o n d in g  ru n n in g  lo a ds  to  be g iv e n  b y : - /
260
r o 1(48 /  f t )  '
• where N ' = number o f p o le s  on d r iv in g 'm o to r , f t o  fakfa
D = im p e lle r ' d ia m e te r , in c h e s . '''/fafafa'fa, fa x
. E a r l ie r  4 8 - in c h  w ings had the  ro o t  
p in  a x is  c o a x ia l w ith  the  a x is  o f  symmetry o f the  w ing p la n
fo rm ; in  such w ings the  va lu e  o f M-- would be a p p ro x im a te ly
• ' • ' 5 -fa V * '  *' \ * „ Z  O  "8 fab * ’ ‘ - ’ . ;  h *
-  1 .15  t o n f - i n , and t h is  va lu e  shou ld  be used in  ( 279) faT fa
th e .w ih g  being- co n s id e re d  has a s im i la r  sym m etrica l a rrangem en t. 
Values g ive n  by the  above e qua tions  are approxim ate o n ly .
22 . Tests on W ings. ffa fa  fa / • •
T h is  s e c t io n  w i l l  c o r re la te  and 
summarise the. te s ts  which have been c a r r ie d  oufa on 2 4 - in c h  
and 4 8 - in c h  / w ings d u r in g  the  pas t fo u r  y e a rs , in c lu d in g  te s ts  
s p e c if ic  to  t h is  p a r t ic u la r  re sea rch  programme, /fa . ■/
2 2 .1 . E x p lo ra to ry  T ests  on A lte r n a t iv e  R e in fo rc in g  Systems.
-v 1 ': •" - • jy
/■’•fa . f a  I n  1966 an a tte m p t was made to  assess
$he r e la t iv e  va lu e s  o f systems o th e r than  g la ss  as r e in fo r c in g  
agaents in  the  f i l l e d  p o ly e s te r  'm a tr ix ;  V a rio u s  m e ta l in c lu s io n s  
were t r i e d ,  to g e th e r  w ith  a s e le c t io n  o f  g la ss  f ib r e  fa..;-?. 
a rrangem ents, in  th e  w ings . o f  2 4 -in c h  im p e lle rs .  . ■ ..fa yfa
Each w ing v/as p repared  f o r  te s t in g  by bonding on hand- 
moulded g la s s - re in fo rc e d  p o ly e s te r  pads, which f i t t e d  th e  
curved  su rfa ce s  o f th e  w ing and p resen ted  p a r a l le l  f l a t  o u te r  '* 
fa c e s . D ura lum in  p la te s  were in  tu rn  bonded to  these fa c e s , 
and the  whole d r i l l e d  to  accommodate a 1 - in c h  d ia m e te r lo a d in g  
b o l t ,  the  w ing then  be in g  sawn s h o rt to  f a c i l i t a t e  a ttachm ent 
to  the  te s t  lin k a g e  , as shown in  F ig . 120. >fafa I  fa ; / -- fa
The te s t  i t s e l f  com prised a r a d ia l  p u l l - o u t  from  a s ta nd a rd  
moulded hub. assem bly, as in  F ig . 120., the,., lin k a g e  be ing  
f i t t e d  in to  :a standard , t e n s i le  te s t in g  machine and ..pu lled fa  ,...
slowly to destruction
TEST ZONE
REINFORCED WING: 
section oh A A
Fig.120 PULL/OUT TEST :ON/2+inch/WING.-
' 2 6 2
• © In  th e  programme concerned, tests;-.we're c a r r ie d  outppri.,/ 
g la s s  re in fo rc e d , w ings o f two ty p e s , one moulded e n t i r e ly  
from  random f i b r e ; mat and th e , other. in c lu d in g  p a r a l l e l - f ib r e  
r e in f  orcement o f the  ro o t  p in  as in  the  /p ro d u c t io n  w in g ; /©. © 
c lo th ,  fa c in g  was n o t in c lu d e d  in  e i th e r  ty p e .©  © .■©©©/-
A d d it io n a l ly ,  each o f the  two types o f m a te r ia l was ©; 
s u p p lie d  ana te s te d  in  fo u r  g rades: s ta n d a rd , chem ical;, ;•©• *
f le x ib le  and com m erc ia l. . '.©. © ; \ .  © ©:© ? + .©+7. /;..
The r e s u l ts  o f these te s ts  are summarised in  Table XXX,
in  w h ich : -  : - .... , ;  •. •, ; '©©, 7©
© : s t  = s ta nd a rd  grade
ch = c hemic a l • /grade 
f l  = f le x ib le . /g ra d e  
■ co = com m ercia l grade/ =. .7.©.; ©, ©
■ and A, B ,"C  and D denote the  observed modes o f f a i lu r e  
d e fin e d , by F ig .  121..
m mat o n ly  - ' ©/• ©' © 
mp = mat re in fo rc e d  by 
'/ p a r a l le l  f ib r e  ; .
A
■,:/• 
%
/,
7
7 ~ “7 ^
C ;
Fig.121. MODES OF FAILURE IN PULL-OUT TEST..
■©©©7©/ ‘
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Table. XXX* PULL-OUT TESTS on 2 4 -in c h  WINGS:/■• SERIES 11
Specimen
' No,. ( \ ' ,Y
•M a te ria l 
Y-Grade
Charge
S tru c tu re
F ra c tu re  Load 
. .A to n f  toY.
F ra c tu re  
/T y p e  :1
1 a /ATO -./TO Ch mp *' ;Y Y2>31 7-Y. A  TO'.,,:/
2 33 ch mp ’ -112.10 0
.• >ch mp 1 .6 5  A.5YY :3/a AA.3(;333
:4 a , " ch mp 3 7 to -vA/v i->. 98 5,3 Yy; A’ ’ Y7TOATOTO:/
1 5(1 TO-... V /cii • ■ m • ” 7 -:A 1.15  3to:Y-;a ":A//C' ( ( . J
6 5 . ch m'. 1 .. 1.8517-/43 Y ■■•'•1 -Q-// .-//;.•,
7:f >Y-:-:a Ch. ; : m 1 2 .5 7  .1/4 /■■5 / ¥  M
8 ;Y-Y:(Y ; Y-TOflA , 1 - mp . -4 (4 2 .5 8  ■/.'.TO' 3 , B . (  TO
' 9 '( A  aa ■1>V f lY "  ' mp 1 ,96 1 YDto- •/(
IO 'a a /Y v ^ , f l • mp 2.48 •: ‘ ;v TO B.
-1111a  a ( : f lA  ' m . • A TO 2 .07 4 .5.3s.-:. 7; . B/.TO; Y:‘
12 : a i ; { I f l m 1.68 . (B'-y y
13 ‘: Y (to f l  , m ; - 1 .85  1 TOC
14. fA -‘ CO TO­ mp 4 -2.55 TOAA7 A
15 1-A CO mp" 1.78  1; TO: • -■ .BY-(.7.
16 a ;Y 7 CO mP .1 , 3TO / 2 .85  , 4(3;.; /B
47 : A; CIO .1 m ..7- ‘ 0 .9 9  TO. (TO; ‘itotoa.gY/,; , / ■
18A - . CO m ,, , • ■, 1.56  ;3/YYa ( 1 ^ 7 :  ‘3
1 9 /1  1 4 A co m . - . 11.51  a toto/'B; '
2015:'Y s t mp,. . 4 5.02 (YY3- aY (A Y (;to4
21 A. 7 s t • imp 5 /:7 Y ‘1 to7 7 ; i - ,y -A :D
■ 22,.,. y ;i s t mp 5.06 7 • M  Y;-(Y
257 A y '- s t  1 ' mp 2.78 5.33/ A ‘
2 4 ’ - ■ 1 “ s t  ... 1 3- m •. 1Y71 3/3:47/3: ,4;-7C ’ ( aY
25 > 1 : ; ,to s t, ■ ■ m TO. 1 .94  . 1 5717c * To/' *■
26 C ’k 'P s t TO.m ^ CD ■4 5.4(0.34'
c' { Average v a lu e s , d is c o u n t in g  h o n - ty p ic a l f a i lu r e s ,  w i l l  
be deduced and ana lysed  in  la t e r  d is c u s s io n  s e c t io n s . /A -
In  the  second s e r ie s  o f t e s ts ,  a d d it io n a l m a te r ia ls  used
w e re :-  ' " ( A / I / a '•••'.A /
;gwm = g a lv a n is e d  w ire  mesh; (5 4 /g a u g e /R  mesh)(,4:i( ;  =
pg = im pregnated  p a r a l le l  g la ss  r o v in g s 4-> 
swm = s ta in le s s  s te e l w ire  mesh (50 gauge, 14 mesh) 
e s t = Expermet s te e l tube (u n s p e c if ie d ) :  Ya a YYY atoAYYY'
awm v a lu m in iu m  w ire  mesh•: (51 gauge , TO16: mesh) . Y I/toTO/toa/
40psw. ■ p a r a l le l  s te e l w ire  (h .t>  , *^0 3 s tra h d s /in ) -1/YYY,
60psw .=• pare 1 l e i  s te e l w ire  ( h . t . , 60 s t ra n d s / in )
gc - g la s s  sc rim  c lo th  - l. l ' - y  TO. /Y y .l A ' / 4
'S ince , t h is  p a r t . - o f - h e )  programme was/ p redbm ihah tly .) //ifa 
e x p lo ra to ry  , charge s t r u c tn r e s :;W ili :not ?be s p e c if ie d y in ..  d e t a i l ; 
p a r a l le l  s tra n d  and w ife  ..systems ' were: la id /w ith 'a x e s ,  p a r a l le l  
to  the  ro o t  p in  a x is ,  and w ire  mesh and c lo th  r o l le d  in to  
th e  ro o t  p in  charge as the  p a r a l le l  f ib r e  sheet i s / i n  the  
s ta nd a rd  p ro d u c tio n  w in g ./T h e  r e s u l ts :a r e  . in d ic a te  - i n ‘T a b le . 
XXXI,' where th e  loads  quoted r e fe r  to  i n i t i a l  f r a c tu r e  end are 
in  some cases c o n s id e ra b ly  le s s /  than  th e  va lu e s  c a u s in g :; to ta l 
s e p a ra t io n . The base m a te r ia l in  a l l  cases was com m ercia l m at.
TABLE XXXI.. PULL-OUT: TESTS/. ONi  2 4 -ln c h  WINGS : SERIES 2V
Specimen
No.
y ' Charge x ? 
'S tru c tu re :.,
' F ra c t lire  / Load 
■ • y  t o n f ; "  ''
, F ra c tu re
47 Type fa.
2? ' bm +. gwm y ' fafa . 1*28 \ . ?'B: ■
.28 m -i- gwm 77 ;; fafa fa i ls : ;  7- fa fa fa/by. E: ;4
29 m + gwmy y : i  .4 i  7-fa;. - ‘ 'B. "  . .
30 AA m + gwm i  . ;3 s ; ; ; ,, xyB/4.'fa
"3 1 - / f a x  ■ ' m 4 gwm /• 0 .9 6 4 U xyb
■ . m + pg ■ ' d:.20.;b/y:fav; 7 y -fay fay;
; 33 ; ■ ■ - ; fa m + pg ’ ;'74>54 yfa/fafa/ . ' byBfa/yy
'34b?7yb m +7 p g , .1 463774’;7 B y
35 ./''''A A m + pg / y fa/yfafaifaM/fa •? ' -D r/i*
36 : / /  . ; ; m 4 swm ■ >, 0 .99  fa b. fay//^B
37 fa'; m + swm - .y  0483X4 - ■ • / 'fa- 3  '■/: -
38 m + swm x,x7;fa^ifa;bfay: fa; .-; ../. - fa' A x
39/ nr + swm : ’.fa -.16 - ■/  A y  B
40 fa x  * m : + e s t , /A / 1 . 26 !/ v;b fay
41 ■?;///. ,v m i  e s t fa-- M . i a / y y  / ; ' / /  fa? b /  /  ;
42.;/: . m -i- awm '1./42 ■'/;*. ■- 'V b ’ 7
43 " ' £ 1 ■ mil.gwmv^npg fa-7 . 'fa 462:7 :y  b 7 fafafa.7;':
44 fa/. m + 40psw ,1.430 ■ 1 ’ 7 • -B'fafa;
45 / yyyfa‘ • m + AO.psw 7:1 .28 D v :
46 m + 40psw fa -fa 1 .34  7. ../•;b / -
.47 "A - m .+ 40psw -■ .,771.30 - / • : v, • -fa - A
48 :; m -i- 60psw ’yfa .20 . D "fax"/';
49 ‘ m 4 60psw 7 -fa - 6 o ; , . ■ d; fay'
50-fa . m + 60psw. 1 .12 7 . • ■ J D,
5 1  7,.; m i  60psw ... ; 1 .464 / fa.7,. . D
52 -'fay rn + gc . 1.10 y  / B' y>
53 mx-;gc:i pg 7 'ii63 ;b ;7 / - fa; ’/'fa ‘ U 'b fa
54 fa; fa 7 m f  gc + pgfa. y 7 .44864--"' D
55 x 7  'y - m + gc + pg/x fai,95 fa fay. y ,y  u ..fa
56 . m + gc + pg /x y ' 1 .60 y 7/fa fa A:fa..'-D; -fa 4
57 fa /y y ; m + g e y  pg x  ,1 .8 5  b * / ' fa/. yD'fafafa;■ X " .-x- »-s ■ ■ ,-,XX
©2272.6P u ll-O u t Testa©on 24 -ir ich ; ProducTiGri/Y lrigs!*v © Yfel© ©
, © ; . © %'©©^ol l-Owing-t.tie'"':Yxpl'opatory©t-e s ' t '
a lte rn a t iv e ,  r e in fo r c in g  systems o u tlin e d .’, in  th e  'preceding:; YU:©' 
se c tio n ©  subsequent work/was • c o n fin e d ;T o .;g la ss --re in fo rce d + y©  
p o ly e s te r  system s.-••©© ©■;.-©• ©b© ’’ 7  © © . /  • © .' ©7 ..©Y'+'T©.
• ©In .J u ly ©1967^a s e r ie s , o f  w ings/was- m oulded/by: ;Geqf£reY©© 
Woods L im ite d , u s in g  what was a t T h a t tim e  regarded a s /a+ Y y  
te n ta t iv e  p ro d u c tio n  method in  which the charge com prised 
a s in g le  p iece  o f F lom at re in fo rc e d  by fo u r  payers o f ■ 
p a r a l l e l  f ib r e  sheet in :w h ic h  The f ib r e  axes were a ligned : ‘a t 
about 25° to  th e  ro o t  p in  a x is ,  the  whole b e in g  r o l le d  up . 
to g e th e r .  I n  t h is  and a l l  succeeding te s t  - s e r ie s , th e  F lom at 
used was o f th e  b a s ic  com m ercia l g rade.
The. t e s t  xjrocedure was as b e fo re , u s in g - th e  lin k a g e  
shown in  F ig . 120. An a tte m p t was made to  reproduce the  © ;•
bend ing e f fe c t  in h e re n t in  o p e ra tio n  by o f f s e t t in g  the  ©;©;©•© 
l in k s  r e la t iv e ;T o  th e  end sh a ck le s , b u t ; the  ; f  6rm o f  linkage©  
p reven ted  th e  .wing ro o t from  bending s u f f i c ie n t l y  to  genera te  
a s ig n i f ic a n t '  bending', moment, and the  a c tu a l bending e f fe c t  
was p i'o ba b ly  n e g l ig ib le .  The r e s u l ts  o f t h is  te s t  s e r ie s ,  7© 
d e s ig n a ted  S e rie s  3 ^ o r  th e  sake o f t h is  r e p o r t ,  are th e re fo re  
to  be tre a te d  as s t  m igh t p u l l - o u t  f ig u r e s , and are se t ou t in  
Table  XXXII . Y - . ©- • ■ : ; ©©Y©. © YY'Y;©.
TABLE XXXII.©PULL-OUT TESTS on 2 4 -in ch  WINGS : SERIES . 3 © ■Y .y
Specimen 
NO. © ©
F ra c tu re  Load 
i;V © to n f .
F ra c tu re
Type.
Specimen. 
No. ‘ ©•
F ra c tu re  Load 
■ to n f  © +©©.
/F ra c tu re
©:Type
58 © ©;:©1 *80 D : 71 - Y ‘ ; ■;©© 7Y A©
59:7 2.10 ; A ©72 2.10 ©-a A
60 1 .93 v 'k 73 . ' , 1 .25 YM>
61 '© '2 .16 &  0 74 1 .46  Y  •© ' ©D ■ ^
62 1.96 D , , 75 1.40 D
63' 1.86 D ;©•/ 76 ‘ YY 2 .16  © .+’© ©'D'
64 2 .34 ' : A . 3.51 Y :':© A
65 2 .13 A :'•+ 78 3.18 -© A
66 ; 2 i 54 R 79 3.28 • A-
.67 Y; Y ’ ■3.3*1 A 80 oCOV YY D
68*. • ; 2 .76 A 81 © -72 ,80 .Y u
69©': ,Y; 2 .82 D - 82 ■ YY3.34©, • y r Y Y Y a  - ■ .©
70 ' ©/ ; Y3>05 A/ ©Y .*?■' -
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22 .3 * P u ll-O u t T ests  on E xp e rim e n ta l 2 4 - in c h  Wings.
F u r th e r  te s ts  on 2 4 - in c h  -wings, were 
c a r r ie d  out in  J u ly  1969, as p a r t  o f the  re sea rch  programme 
upon which t h is  account i s  based. P u l l - o u t  te s ts  a t t h is  tim e  
were c a r r ie d  ou t in  th e  h y d ra u lic  te s t  r i g  shown in  F ig . 122; 
t h is  was designed a t the  U n iv e rs ity  o f .Surrey and j o i n t l y  b u i l t  
by the  U n iv e rs ity  and Y e o f f re y  Woods l im i te d  to  o f f e r  a te s t  
f a c i l i t y ,  independent o f f ix e d  la b o ra to ry  equipm ent, capable  
o f h a n d lin g  im p e lle rs  o f d ia m e te rs  up to  and in c lu d in g  48
in d ic a te d  in  F i g . . 120, b u t the  loa d  is  a p p lie d  by means o f  a 
hand'pump and h y d ra u lic  ja c k ,  th e  a p p lie d  lo a d  b e in g .deduced 
from  a p ressu re  gauge re a d in g . For the  te s ts  d e sc rib e d  h e re , 
a s tra in -g a u g e  l i n k  was in tro d u c e d , to g e th e r  w ith  a p o te n t ia l
position of charge 7  7
/^v. a © iii) in mould(b) LAMINATED BLOCK CHARGE
4 . 5R-
(c)and (d) CHARGES 7  
YrNGS’RPOR^t-j'ft^YL©
CARBON FIBRE 
(e )(f) and (g) EXPERIMEN TAL 
’7  PARALLEL FIBRE / -V 
; INCLUSIONS
basic 
roll as 
in
Fig.123. CHARGE PREPARATIONS FOR 24-inch WINGS.
■ Y/c* Y7-;.:. 7 7 © 7 7 :7 . ;. DIMENSIONS IN INCHES 7 ' 7 7 7 /7 !
d iv id e r  re c o rd in g  ram movement, so th a t  an a u to g ra p h ic ,/re co rd  
o f load  a g a in s t ram movement cou ld  be o b ta in e d  011 an X~Y p lo t t e r  
T h is  d id  no t y ie ld  any s ig n i f ic a n t  in fo rm a t io n ,  however, se rv ing ; 
m ere ly  to  in d ic a te  t h a t ■i n i t i a l  f a i lu r e  occu rred  a t v e ry  sm a ll j
s t ra in #  ' / 7  ■ _ ■ ; ' 7  - ' ; - ©7/ .'--7 7.0 ,■ |
The te s ts  c a r r ie d  out in  J u ly  1969 in v o lv e d  a number o f  -j 
d i f f e r e n t  methods o f charge p re p a ra t io n , in d ic a te d  in  F ig . . '123 •
|  (a) PRODUCTION
CHARGE
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■ •. --YCHe; idlsppsiyions of 'ttie1;yari6us chai/ge /syructurbsl/dmong/ 
the specimens of/ tlxis, test, beries, and the corresponding :d\, 
pull-out loads and failure modes, are summarised iii Table’ XXXIII
TABLE,XXXIII.PULL-OUT TESTS ON.24-inch WINGS: SERIES: 4
SpecimenNo.
to Charge
L.yTypeTO
Fracture 
Load- A* tonf. /
FractureType
85 c Y:: . 2.79 a; D
84 :c, Y 2158=4;" 3' .A A4 3
85 ■ , . C 1 TO ■ 2.59aA iY A*/TO"/
86 ..C'iA'TO3 A 2.81;A A’ A- ':; Y
87 d* ’ 2 .86 A” AA *
88 * c 2.45 AY/A
89 a* 3 • 3^ IT
90 c" . to 1.74.4 - ‘ A ' 47
91 c" 2.74 ••• *' • A Y ';7 -'
92 e 1.86 * A'//Y'
93 e 4 . : 2.34 A ; AA*-
94 f ' 3,57 . A
95 YYf - ' 2.98 A • -
96 > : .S 1,79 , D
97 ’ A; , - . g A. ' 2.26 3D
98 A A *3 ;-‘A;:b ' 1.19 A
.99 a; ■ b ; • 1.19 3 TO,-AA
100 a 2.21 Y A'
101 a' , 2.40 A
102 a. 1.74 A
103 a - • 2.57 A .
104 a 3 2.07 A A
105 a 2.66 A
1064 TO a 2.71 A
107 a 2.07 A
108 a . 2.05 A
109 a 2.26 A
110 • a A ' 2.57 A A
111. a 1.81 A
112. a dco♦ A
115 . a 2.14. A,
114 a ,2.28 A
115 a 2.10 A
116 a " 2.86 /.-' :a .
117, ■ a -.-A 2.20 A-'.-. A A:/Y
118/ a/' , a Y 3;‘2)352 7; * . A^to ’Y >,y
119 • r 5 ; a 7 37/2 *05 (j'3 Ato:A-toY7/
b
c
c
d
e
f
■ S
Charge types defined by 
reference to Fig«123--.
f • (a) '
a1 (a) with two • full
facings each side,; 
-TO not 1-J / vTOv:Y  J
- C c.)with put (Ia t er al 
£• A,. -= • parallel-fibre
TO TO,.; :' ;s,trip ■*. ./ A;;,TO,,. , TO, •: ’ ;
c" - (c) without-',carbon; 
\-,Y :* fibre ■ 7, 35/; Y
' - ' ' ' W i ,*
~ 5 ; . , (e) ;. TO;A ‘/3; 4.'
In Odtfabefa 1969 a: furthe]? 
was tested; in this/series a method was developed for testing ; 
the wings in the Denison tensile/testing machine by cutting a I 
tapered segment out of the hub assembly, gripping the/test wing 
root and fitting into the wedge box of the machine. The' wing 1 
was reinforced on the blade as before, and pulled by a .- pin, and j 
fork assembly held by the/lower wedge grips.- yy 4- -y ?
This method was adopted in order to release the hydraulic 
test rig for use by/GeoffreyyWoods Limited. fay.-'4/4 ;
The results for-this series are summarised in Table XXXIV. *
TABLE XXXIV. PULL-OUT TESTS. ON 24-inch WINGS:-.SERIES' 5> ■ 3
Additionai Charge/.Type s:*y 
a" :(.a) with aluminium
tube moulded-, axially j 
y .within root pin ;
/ a"f (f) with aluminium j
tube as/ above : - J
h • - dough moulding - 
- .4 compound.-; ' A A : . X
' 4 ’ ~ (a) /with:, alternative
random fibre mat,
. , / 1 Sync oglass ■ . hi. 20 .
i.5i
SpecimenNo. fay. fa ChargeType
Fracture ■4 Load 
tonf
FractureType
120.- a 2.9° . A.
121A .. : a 2.65 ,7; A .7
122 / a 2 .10 fa; D
123 a -2.26/ A
124' fay ■ a ■ y 4';2:. 60/fa'/ D.
125 . fafafa y: a i.8d .. D, . y
1267 y  fa-7 ; A a"* fa'fa*l?;fa;fa y. 7d 'y
12 7 fa al,x ; 244544' fa''./'A " 4 /
128 ' . fa; fa ;/7 f  fa fafa' 2.0.0 fax /fa
.129 /fafa// .1/90? fay . A'--fay
13 b /-a'fa fa4 ' /; '2430.7/7/
131 a"f 2.004 ' y  .Xy fafa
132 . a"f 2.00:/ fa 'A A .:/" /
153 /fa r a"f 2.60 4; , A
134... fa ' /A -a • x o00y, • /  D ■ ?,
135 a 2.10 D
136 fafa a 1.35 D fafa
137: .fa fa "fa -/ a 1435 D.
138 ;■ a 2.10 D
139 a. y fai .10 D xfa -fa
140 4 77; h : 1.85 A~:/ . / ‘
141: * : 7 ' h 1.60 - 6 fa.
142;/ : . .. 7 h 1.95 x -7 •B./fa-' /
143 h 1.85/7 B fa: b
144 iA - 1.60 * B -
145 s CD . o D
146 0 1.70 D
14? o 1.30 . v D
148? • 4 7 j 1.30 D
. 7.-7274® ©De,Sts© on YSLfnch Wingri© » 77©"7 f ©77/7 ' ■
©7• ■■•"■■ "/©'©/ Pull-out tests on 48-inch wings could©
hot be carried© out until the hydraulic test rig already 
described (Fig.122)/came into use in May: 1969* The/first wings 
tested were of an early production type, of unspecified charge 
structure, which had been bonded into the hubfailure/occurred 
at/the hub. perimeter- at;, loads less than; 2/ tonf * for all three 
specimens, tested. • /•'■•' ■/•■'•' .;/■••/ /
/The first fully/recorded tests were, on three specimens; • 
moulded from a laminated charge, built up from the three 
shap.es A, B and C' shown in Fig. 124*. ' . / •.©7/ // . +
' ‘ J 1 : 1 7  '' 770 *
7© 10
SHAPE A
A
CO
DIMENSIONS IN INCHES/
1*5
d3
<Xl/>
O)
I
Fig.125. BASIC CHARGE (PROFILES 
© © / © v / + /  - :-, , LAMINATED 48-inch WING '
The laminations were stacked- in the charge in ,43 layers, 
as .below: -  ....- . ■ ' : . /  ! : 7  -• / . - , 7 : / ' 7
Layer Shape Material '-© Layer Shape ©Material©
'1 ~ > 2,:/.:©■ A; : /. Cloth , '- ' 13-16 .B +• Parallelr
3 - 4 . ” B '7©-Parallel 17 0 . Random
5 ~ 6 A. Random 18-19 / B Parallel//
• 7 • C. Random./ ©:' - 20-21. /.'/:/B . Cloth. ■: ©
8 - 97 , B Parallel 22-24 77C Random
10-11 1,7 ; B Cloth / Wing Centre. / ~,..©
.T'i Y+YY/-.7/G '• Random Followed by layers 21-1
>©. 0'r /'/■ ■ ■ ‘ ''• • l - reverse ordery©.©c7
;77+ ‘ /;/////'/©' : '■/;«/ .
■;©. .© © *  7 i: 7- ' .' '/ '© ./• •;./ ©' c 7\ © 7 V; * * v \■© 7 ‘ © © !> ! © «' ,7 ? 7:
V /+■©/-■© *'■ 7 V7/ v T+./ > V/ •©/"©'/!
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To -( Xt /WasvfQund’, that. all three laminated wings; f aile^ y;A0 -: 
initially’ ih: -mode A. (Fig .121), and could then be;■ rq-tested 
by bonding aluminium sheathing to the -root pin/to •-ii.v:eV;a/..gp.pd 
grip, and pulling in the Denison indicated
in Fig. 126. This led. to blade failure (mode D) at a much TOhigher 
load,;; the results being summarised in Table X X X V .  Ato/-7Y;7;TO
bonded 
aluminium 
sleeve
TABLE XXXV. PULL-OUT TESTS ON 
v 48-inch WINGs ItoSEHIEB 1.
Specimen 
; N 0 . ' ;
Fracture Load 4;. tonf
Fracture TO ;Type
a 17.; ;■ 4.80 7. to;:;; a va ;a $
• TO:Y (8+55:ATO;ri.TOQ-DTO'TO; v
• 2 • , 4 > 50 • 7’ •
8.74 : ' D Y *
to(3.to7'7-7' ■ 5.80 .A(AA.;YAA7;TO
- A ’ TO 8.44 TO;TO..AD >A(7
Further tests were 
carried out'in.August 1969 on 
• a batch of wings comprising 
18 production wingsland; 6 to. 
experimental types; the'results 
of this series are given in 
Table XXXVI . • " 3 \:
The test method TO for' .- ' - 
this series; was;:slightly . 
altered; the bonded-on pads-. . -■ 
reinforcing the wing were 
replaced by a profiled clamp 
which could be bolted onto the 
wing and used repeatedly, and 
theAroot pin was ;grippe:dAIn3 
:a-wedge segment .cut from- a ■,
:hub assembly, permitting use of 
the Denison testing machine as 
with,the later 24-inch wings 
and as(indicated in Fig.127 *
Fig.126. ROOT PIN TENSILE 
" T O T O T O  TEST: 48-inch WING
TABLE XXXVI. BULL-OUT■- TESTS-ON 4 8 - in c h  WINGS :- SERIES 2 .
SpecimenNo. Charge/Type Fracture Load -,;©.: tonf
FractureType
4 k 51717'/ A
5 k 5.76 A
6 k -6.00 D
7 . k. 6.68 A •
8 . k 5 . 44 © . ■ D
9 k 5.12 A •
10 k 5.58 , A
11 k 5.28 r. A
12 k 5.64 A
13 k - 5.14 A "
14 k • 4.60 a '
15 k 5 *04 A
16 k 4 ,72 " ; •A
17 k 4.82 A
18 k 4.50 A
19 k 6.06 A
20 k 5.84 ! ' A ' v
21 k :■ ©• 5-71 7 ©.. A
22 in ©. © 5-96 H ©©;*;.
23. n  ©7 .6.15 Y 4 A7'7.
24. o . . 5.24 A
25 0 ■; 3.17 D
26 ‘: 7p- 75-5?;©.: D x .' '
27 q '3.86 •©’ u .:
In types *i -and » above, the 
postcure temperature has not 
bee n specified but ; i s©as sumed
to have been 110 G
Fig.127. REVISED PULL-OUT 
TEST FOR 48-inch 
WING.
k
31
Charge .Types : - , ©' ’* j
- production charge as in;
Fig.115 '7 7
- rolled formation with ■} 
parallel fibi*es at 25°t<; 7-, . • v’ i
axis, interleaved with j 
fabric . Post cured 8 lira.
- production type, © j 
postcured 8 hours.
- production type with
. additional parallel j 
fibre reinforcement
- production type, but 
with two. half 'fabrics
J on each face.
m .rolled f ormat i on . with0 parallel fibres at 25 and others parallel to
’axis.
reinforcing 
clamp © '
steel r qinf orcin g plates 
wedge blocks cut from  ©7:7; 
moulded hub plates
V
2 73
23* Tests on Special Mouldings.
Two test series of interest in the 
present context were carried out on mouldings which were,' 
structurally related to wing mouldings hut were not specifically 
of this form.' . , ■ ' • • x •.
The first series, carried out in 1967, used moulded bars 
incorporating random fibre with parallel reinforcement, and 
the second used dummy: 48-inch wing root.mouldings made in * 
a special mould at the University of Surrey.
.23*1 Tests on Compound Bars.
The-term ’compound’ refers here to 
the.use of two types of pre~impregnated material -■ random fibre 
mat and parallel fibre sheet. - in the same bar', as distinct 
from the single-phase test bars, used in earlier tests. x .
One charge structure is indicated in Fig.128, together .with 
the forms of moulding, used for tensile and bending tests.
parallel fibre 120 x 2*2 
r and om f i b re IV 6 x VS
STRUCTURI
- Y - -
!_. 0-75x0-25 x 6-0 parallel 
TENSILE TEST
4  - f -  : T  - 4 -  . 4 ,
L ... 2*0......... - __ so ____:......... _ 2-01 • ,
BENDING TEST
Fig.128 COMPOUND TEST BARS
• 1
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/;/' Tensile tests .were carried /out on 22' specimens, With 
the: results set out in Table XXXVII. 4  ' 4  4 x y 4 / y y /  y b / / ?
TABLE XXXVII v.'TENSILE TESTS ON COMPOUND TEST: BARS/v/fay//”
Specimen-• . N o. y > !yFracture* Losid?. ;A t onf?
Specimen./. y No. 4? Fracture Load' tonf /
ifayfa77y- 0.44 y 12 - - y0.52/v4
,0.50 ’ yfafy : 0.74 b:
y #474/’ 1.12 ■ ,14 / 4 0 .54 fa
■ 4yxyy. 0.50 4 $ Ulgbfa 0.-70 fa
• #';44 ,?L14 16 ' 'fa 0.88
■ $4 AY,- ;. .0.46 4/17/''; / 0.-66
' a 0.84 y / yb 18? .b;. 0.60
8 / ; y : 0*96 : r y 419 fab 0.70
9 0.86 /".?• •20 •0.86 •.
ipyfayfafafa 0.64 i ‘ .' ; 2T : 0.92
ui:y4y-y; 0*72 44'.4/22/ fa .7 0.80
Charge' Type r
:Norninal cross-section2area; = , 041875 m"
Section contains 35$ 
by weight of parallel 
fibre sheet, 65$ 
random fibre mat.
■ //.;. The resultsyof four-point bending tests on 25 specimens 
are summarised in Table XXXVIII. 'bAb- , yy e: b y4v
TABLE XXXVIII4 BENDING TESTS? ON COMPOUND TEST BARSb
Specimen; No. Fracture!'Momentlbf~in>
SpecimenNo. -'Fracture Moment 'lbf~in
25 ; 310b'; '• fa’’ "y 36 . . . /. 160.4/y
24 fa;’-' -y•'540 . 437 -7.4 '460 ' ?
23’/ v 7 ? 510 b/38 470 / ’
26. -fab;. 620 39 4 ^  . , 530 7 /
27 ?430fa 40 7; • y 520 /fa./
2'8 fafa;420 . 41 'fay/ fa 600
29 fav / .460 * 42 fayfa - /■ 290
•40:?y.;fax 7 470 7?fa 43 fa • ■ 610
: 31 4 53° 44 ;//-■ .620 * y
32 . : 580 4 ‘b 45 /.: 450
33 ,270 . "46 320
'34 7; by . / y 7580 47 fa: 7 - .420 fay
' 35 A b/b ?•■ 270 - '' ' ? v • ' \ "* 5
Two further types of .compound bar were also tested. Type s 
was moulded from one; piece, of random fibre mat, 11? x 2.75 in, 
rolled;.with a piece of axially-aligned parallel fibre, 9*75 x 
1.75 in; this gave a parallel fibre composite content of417*6$ 
by weight.; . • ' ■ -4 - 44 . -y ”;?•- .• 4 'f'y 'y/y/b-.
v Type t. used two strips of axially-aligned parallel 
fibre sheet, 1 in x©11 in, placed together©between alternate 
layers of rabdom fibre mat, giving a parallel fibre sheet, 
content oof 25.8$ by weight. 7 © , VW+,/. ©77
: Only a small number of tests was carried out using .- 
types s and t., and the results are collected in Table XXXIX.
TABLE XXXIX. TENSILE AND BENDING TESTS ON ; . 0. © 7 ; :>7©
0 © © Y FURTHER;. .COMPOUND TEST . BARS. . ''■©©©■ ‘7  v --7:'■
SpecimenNo. Charge.Type
©Fracture Load; ;/ .©; 
tonf ©©Y
Fracture Moment © lbf—in - -
48 © S ;,© ■ 0 .54 -7©©? ' ©/ © -
49 s " ©276 7 <
' 50 , - s 0.54 7 7 .
51 .© 0 .7' 0 .30 :7:7
-52 t E/C © 120 7 ©
53 :t©©7 0.78 ■■77.' ■ 7.7©-7
23.2 .. Tests* * 1’* * * ’ on Dummy Wing. Roots.All the wing tests so far described 
were carried out on wings moulded at Geoffrey Woods Limited 
in Colchester,. so that little control was possible over the 
precise formulation of the moulding charge, and this was not 
always adequately described by the Company when passing on 
the. specimens for testing.- © -©0. © © 0 - 7©Y©?7
Towards the end of the research programme, therefore,©a© 
mould was made at the university of Surrey to produce a 
test moulding which reproduced exactly the root end of the 
48-inch wing, but which replaced the wing blade by a flat/slab 
which could be gripped directly by the ©jaws of the Denison ©"" 
testing machine. The root end was gripped for test purposes©by 
a steel split block reproducing the moulded hub segment used 
in earlier tests and illustrated in Fig.127*
The form of the dummy wing is indicated in Fig. 128. ©
This mould- was - unfortunately not 
available in time to do a comprehensive series of tests, and in 
fact only 9 specimens could' be moulded and©tested before the 
contract was terminated due to withdrawal of sponsorship by 
Geoffrey woods Limited. The charge structures used©are detailed 
in Fig.129* being rolled in all /cases from random fibre mat.
276
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/Test results for the dummy wings Yre quoted in Y'A 
Table.XL. .Moulded weights are also stated, to gibe an 
of the degree of compaction of the moulding, and two fracti 
loads are indicated'where a fracture towards the end of the-
root. pin permitted a further test of a similar type toy that;,.. •■ ; ■ .s'-.,'...'. ' 'yy''shown in Fig. 126. 4TO yb/TO/yy ^ /.y^ ' Y:
TABLE XL FULLt-0111 tests ON DUMMY WING MOULDINGS;. 4wV;'v'i.*' (7 rTAffi
Specimen Weight ' Charge Fracture ...FractureI’' ‘7 /‘y-v7;7a=7v ^  7No. 7 .gr. : 3'Type,. Load . ' Type ,/.' ,J 7:= 5YY/ t’= ’7r^: •,; : ’■ $ - tonf. * 'A ' •’ Af--i, - t c *' ; t A • < YYY G = ’
1 •. :; 621 -v . u TO 2 . 4 5  Ay a:? B: toA Y A A '■ ‘ . - • 'i \ - f :  *' V A  f  ,-A/y.
2 6 1 6 TO. 7 u " { 3 * 7 6 7 13 A
3 619 U • 3-78 A. b 7 'Y Y • -v V-.^ -A ■ •/ ’ 4.v\ .. . / , - ■ Av.-' t j \J ' ’ A1 * *• • >i- - A A A  "4;: • -4  . 7 6 2 5 U ■ • 4  *<3.2 4, 7- B * A
, 5 - : 640 u 4.398 Y Y AA B  'a 7/A :,v;y TOA'6 633 u 77, ' . ,4 A A A  A;,.- /vf "•/.■ ■ y. . -w - - • '
7 620 3; u , 3.-15 TO4 A C 4.3: Y; '64’Y57a y7
” • 4 4.62 • 7 ,;dY 'to to; / a; y to,--. 4; •:
0 608 V- f > 5.95 ' =  0 4 / 1 v * toTO'TO-YaatoY. 3"
.7 >; ■ ’ - 5.°5 /to D  ' .V f ] J*- „, A; to y • 4 v.%' a  ; t ' ■ -■
9 33(624;/' v  7b •i.y A'TO/ CTO 7 Y' ; -;'7 . . * * ' -■ - ■ 44 :r \ . = 1 ’ ■
r '? • . * 
,;t.- —  - — — ~ — 4 — 4.09 D -7/AyT"... , A • (  * ? ^
‘
V  - 4
•r to v?'. / - / _ r v « v: • " . v
4 4 - A A ' -= '•'"A5Ay:r:
YA. 2
' - Y  ? *..A*YA n '• £’ i f  f *  .■ ‘ ; ■ • 4/? j v , .  -
• , ’. ■: • ,4- 744.- A ,44, C. V.ATO4'4«y 44/ 7 7' A ' " ' ’TO7 A/A'A Y44 A'-
t 'i '-r y>: ’■ « A ? 4 Al 4;'4 a 4  YA- , (V x-T '-V*-' 4 / A Y A  AAaY5' 3 4  Y  A TO A 5 - TOM' Y-YY YY’Yv; A.. 3 ,-y ;-_____________________ _ - 9 0 M  ! ; ,
24;.,: Analysis of Test; Results.'•'©++ ©•'©*>.; ©97 A © /© ; "
: ■.+ ©v7 .+©©7 ©7©7;.© Y v A in this sect ion, the© testresults:
quoted :in Tables -XXXI1 .to /^ pt/wili/be ' correiatdd^ andcdiqcuss'ed 
in relation to observed moulding characteristics.and© modes' 
of failure , leading to .1 corrected1; strength; values .for +©•■ 
c omparispn /with the ore tic al analysis . • ©. ©-©■•A. . *>
In general;, .the ©strength ©of© a' given©shajge of moulding©;© 
assuming the moulding time and temperature to be effectively 
constant, will- depend upon •, ©©• © 7 7  ; 7 : ©■©'.. ©,Y '' © ©•'
The materials used, . • /©;- © 77© ■ © © ©•'
The;.charge structure ,? and. '©77’ 7 7 ' 7©7©©
The/,’ffow pattern developed during the moulding-
process . © ;.■;'!'©■■ .7;." 7©> .© * © * ’ ' • . /©'’;,©• ’ / © ■ ■ .© ©©'
! •; Y© ©.* ©;.»>:©
recorded, in a test1 to destruction may be affected by the ©- 
method of testing, and occasionally by damage in the specimen 
during./or after moulding. '© • ©.©■ 7,©©©/©:' ©. ©v;7©©©+©.
Attempts ‘will: be©vmade ©in the f ollowing discussion t b©;: : ■ 
separate©the: effects of these; variables, though ■ in geheral; the 
numbers: of ’ specimens tested were©t0o7raalT^ in+relation/ itdY/fche 
obs erved stre ngth s c atterf or analysis to lead to©anything more 
than a series of tentative • trends, . • .•/©•; ©•■: ■'•'’ 4 .■“-©.©©©■4... .
24.1. Tests©on 24-inch Wings. ' '©• ' ©'+ / 7.7:©•
: .©• • ©24.1.1. Test Series 1. ©©;.- ©.-.v: * ©v. **©v .
©+ 0 ;7 • ©;;. The basic variables, in this series 
were four materials and two charge .structures! giving eight : - 
combinations. Additional variations in flow pattern in the 
rolled charge caused four failure modes to be displayed more 
or less indiscriminately by the eight categories. 7  ■ 
•Average strength values for the eight groups are set 
out in Table XLI'. ' 7 -;: ' ©7.7 . 7  .
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TABLE. XLI.<AVERAGE PULL-OUT STRENGTH OF 24—INCH WINGS: SERIES 1.
Material • Charge Fracture ©7 ‘7 Y'Y* v7 \7V’©••© ■'Grade Type Load 77 7 7.// • , • 7
■  ^ 0 -©' . •: t onf ,. ;.;©M ■;" • '©. *7 ■ ,. /f' © -^7* Y
ch ;©' m © 1V85:7 : Grades:-/.© cii .chemicaT©. . •
fl,+Y+Y m ©. 1.86 © ©.© '©.. •; . j# 7 © flexiblYY f; ' '
C O  © 7 ‘© m 1.29 • . ©■.© ;7©©CO . commercial-©;©©
St.' m . ;V ; • 1.83 ■stY©; ©standard©,.
ch . /©A mp 7; 2. 00 ; .Structures • YY/fs/©’'-"': ’■ '
f i  Y :y Y© ©0 © mp .©' ©;. 2.34 © ’ ■ ■ -© ;1 • © Z ■ m © mat only. . -
C O .  1 Y©;:7 ’mp 0 •v /2..38-Y'; mp ma t wi t h p a r a He 1■. ; st;©. © .©.©■•,; mp ©; , ; 766 reinf brcemerit.(All charges rolled)
,/ 3;" ....y. ,y ;y. y.y,' y A- y?'. y  •/,, 4 2 7 9
The limited test numbers do not lead to any clear 
trends other than the expected superiority in strength of 
the mp over the m structure; as far- as grades are concerned 
no pattern emerges, and grade selection is not in fact followed 
up in the later tests, all of which are based only upon 
commercial grade materials.
A more important field of study concerns the modes of 
failure, and examination of the Series 1 and later, results in 
this respect requires some discussion of the failure types 
indicated in Fig.121.
Fig. 130 shows, in qualitative 
terms, the general trends of material flow, and stress 
distribution in a pull-out test on a wing moulded from a 
rolled charge.- y. ■ . .
The source of the majority of pull-out failures has been 
found at the retaining shoulder, where the annular restraining 
load applied by the hub recess causes a shearing stress^ and- 
a tensile stress as indicated in Pig.130* Since the fibres
do not in general follow the turn of the shoulder, the shearing 
stress X  has its peak value in a zone where it can only be res-
n
isted by interlaminar shear strength, and this frequently-leads 
to a Type A failure in which the end of the root pin separates 
as a cup with the inner surface following the.fibre flow. r
Alternatively, the concentration of tensile stress d ^  may 
be sufficient at the shoulder to initiate direct tensile failure 
across the pin as a Type C fracture, though this is less 
probable than Type A. if parallel-fibre reinforcement has been 
catried down the pin as far as the shpulder. The load causing 
a Type A failure does not seem to be significantly affected by 
the presence of additional reinforcement, again because, the 
parallel fibres do not follow the shoulder-profile sufficiently 
closely to be effective.
At the fairing shoulder there is conical flow, so that 
fibres away from the core region become inclined to the load 
axis and most of the load is carried through the core, leading 
to a stress distribution for ^  °T the form shown in Fig.130.
The resulting Type B failure cannot always be prevented by 
the incorporation of parallel fibre, since the effectiveness 
of the latter becomes greatly reduced by the large distortions 
occurring within the fairing shoulder profile.
A. rather similar structure occurs in the wing adjacent to 
the fairing shoulder and may lead to a Type D failure, though 
the greater quantity of material involved means that such 
failure can only usually be initiated by an accidental stress
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concentration due to a flaw in the moulding, or, in the 
test conditions of the present context, to local.bond failure 
of the reinforcing pad on the wing.
If the results of Table XXX are now 
regrouped in terms of failure modes, they appear in the pattern 
of Table XC.II:-
TABLE XLII. FAILURE MODES IN 24-inch. WINGS: SERIES 1.
MaterialGrade ChargeStructure Average Fracture Load, tonf.Mode A •Mode B Mode C Mode D
. ch . m 2.57 - 1.54
ch mp 1.97 0»OJ -
fl m - 1 .88 1.83 -
If I. rap - 2.53 - 1.96
CO . * ' ra . y 1.31 . 1.28 -
0.0 rap 2.53 2.31 -
st. m - - 1 .83 -
st rap 2.95 - . - 1.77
Average m 2.57 1.60 1.63 ' —( allgrades) rap 2.48 2.42 2.10 1.86
In view of the small number of tests 
and high scatter involved, inferences may only be drawn from 
the above tabulation with the utmost caution. Certain trends 
may, however, be provisionally suggested:-
(i) Failure Mode. A occurs at a load which is relatively 
unaffected by the presence of additional pai’allel fibre, as 
already indicated in the preceding discussion, while for Modes 
B and 0 the parallel fibre offers a significant increase in 
strength
(ii) Mode A represents the highest failure load, and hence 
also possibly the limiting Strength of the wing. This in turn 
implies that wing reinforcement should be developed to bring 
overall strength up to the Mode A value before further attention 
becomes necessary at the retaining shoulder.
It is important to note in this context, however, that 
operational loading on the wing involves bending components 
not represented in the.radial pull-out test, so that an 
'equivalent pull-out strength1 must be postulated to give the 
pull-out test more useful relevance. The development of sti'ess 
analysis based on this principle will be discussed in a later 
section.
m' V {-
-"? ' \ ” :24-2T,2i.’Test'Series 2. (r (W-.X;-2 " ' f t :';* y  / . j
282
1This test series need not be . y;-"
considered in detail, serving merely to indicate that -metallic 
reinforcement is apparently.much less effective then glass; the 
reason for this probably lies in the' difficulty of obtaining 
satisfactory, bonding to the matrix, but it should also be noted
A- ‘ / ,p.v , 4  , A  ' ■* * / 4  ’ ' * • ‘ $."bv.that, higher values for strength using these types of reinforce­
ment might: have been obtained by suitable development of the 
moulding technique. ; •
It/is interesting thati none of the failures recorded were j 
in Mode- A, and did not approach .the' load of about.'-ft tons ?: 
required for such failure 1 Even the m + pg structure in Table j 
XXXI, corresponding to mp/in Table XXX, achieved only Band 
D failures; comparison with:- Table XLII values is invalidated, j
however, by lack of information concerning the charge structure i
actually represented by m + pg
24* 1 ;3;. Test Series 3 . ? Ay 4' • a  ?
‘ The report incorporating the :figures ?J 
in Table XXXII did not! differentiate clearly between failure 
modes, A and C in the root pin, but the use of .' additional 
parallel; fibre reinforcement suggests that Mode A would be more 
probable. Of the 25 specimens tested, 14 may then be taken to 
have failed in Mode A, at an average load of 2.74 tonf with a 
coefficient of variation of 20$,.and 11 in Mode D:!at 1 *98 tonf 
with 30$/ scatter. The greater scatter in the, latter case may be 
expected from the requirement of some kind of stress-raising, 
flaw to initiate failure within the wing itself, as suggested 
in the -preceding section. ,A's . ‘
,24.1.4. Test Series.'4. 4.4 ■ ’ AA ?
v ?' - The pull-out-loads summarised in Table
• XXXIII refer to a variety of charge structures, defined in
Fig.123.' : A.- - ■ 4 4'4 4'.' /7,f 4
Of these structures, types (b) to (g) give results which
are net particularly, significant, since-/only very small AM-"'
numbers were tested. Only brief consideration will therefore
be given to these systems.. ■ 4.,/ ' ? , 4 4 4
, Type (b) represented an attempt to simplify the charge?
procedure for the smaller wings, where.pull-out strenglhvA .
was less significant; failure was Type A, but the strength’/
was less than half the usual load for. this mode, because in
flowing up the root pin-from the initial position in the :.y
leavey* mouldf/tHe: random, fibre stack became so. resin-rich as to 
. P P P P P P P  i,; ■ . ?????:? ■ ■ '
practically no fibre to resist shear’.- at -•the;f;£etaini.hgY 
shoulder ./'.This illustrates the important •: general principle /that 
the initial charge should represent, the. final' form of they 
moulding to such an extent as to limit fibre flow in4' critical 
areas, as/this causes resin-rich and segregated fibre regions 
in sink and source areas respectively. 4- //
Types ;.(c) and (d) incorporated carbon fibre ,/but this.; .-/ 
failed to bond adequately into the polyester matrix(and 'A 
separated out undamaged at fracture; it is realised,/however, 
that a successful carbon fibre system could (have;- been 
developed if time and money were available, the spot test in 
this- series having no real: meaning., A A ' , /'/('(' , ■ / 3 v* '
Type (e). failed at A at an average Mode A load, the 
charge structure modifications having failed to affect the 
fibre flow at the retaining shoulder. Y
Type (f) also failed in Mode A, but at an unusually high 
load in both specimens. This suggests that some improvement 
at the retaining shoulder may have been achieved, but no ;- \ 
conclusion can be based on only two results7and the approach, 
though brought to the attention of Geoffrey Woods Limited, was / 
not apparently followed up. • . ••'- / t-/A/7,A/(/'
Type (g) used parallel fibre facing instead (of cloth; v 
the parallel fibres separated and bunched during moulding, 
causing uneven distribution of strength in the. wing; and leading 
to poor Type (D failures..-. . ■ •■ •/ ■/’ r( / ’•■3 .
, . '(■ • /A Of more interest are the twenty
wings moulded on a production basis, the structure being , 
detailed in Fig. 123(a). All failures here were again in :
Mode A, with an average load of 2.25 tonf and a coefficient 
of variation of 14$. This .compares with 2.74 tonf and 2.0$' for 
Mode A in the Series 3 wings, and with 1.98 tonf and 30$/for'
Mode D in Series 3• .A?. (• .3 A' ■ Y/ '
■ . The Series 3 'production* wings used four layers- of parallel 
fibre sheet at the root, compared with two layers in the 
Series 4 group, and this appears to have improved resistance, 
at the retaining shoulder; flow in the latter region tends to 
follow a variable pattern, however, due to this being a 'dead 
end* region.in the mould, and the greater strength potential 
using the increased parallel fibre content is mitigated by ■ 
the increased,variability in strength. - . ;? 4AY A/toA'-Y-
The presence of Mode D failures in the Leries 3 wingsy/ 
while none appeared in Series 4, may be due to the attempt 
to introduce offset loading- as already described.;-Thesd;r/.r.; 
particular (figures are theref ofe;not susceptible to detailed
analysis, since ©the precise loading condition cannot be: 
evaluated; conditions at the retaining shoulder are riot, 
however, affected by any offset so introduced*
24. 1. 5* Test Series 5* 7'©©©' 7  © 7 * : • • 7 ©
This series used a test system in 
•which the root .was clamped in a wedge' Segment cut from a©-©
moulded hub assembly; this wedge/had to be replaced after every j
three or four tests due to progressive damage at the retaining 
shoulder of the hub segment,, and the concentricity of the load 
axis with the root pin axis depended to some extent upon the 
accuracy with which the wedge could be cut from the hub. ©.
The large proportion of Mode D failures among the production 
wings (charge type a) in Table XXXIV is probably due to a 
large extent, to this practical difficulty. Of the twelye 7  
production wings, only three showed.-Mode A failures, or four 
counting specimen 127, which had an aluminium tube through the 
root pin /wing' junction but would have the customary.production- 
type flow pattern at the retaining shoulder.The; average 1 Cad 
for these(f°urwas 2*56 tonf, compared with 2.25 tonf for 
the nominally identical wings of Series 4. ' ©-7
The remaining wings in Series 5 were again 'specials',; . 
a modified--type f did not .reproduce the high values of2 the 
two -f specimens of ©Series 4, either with or without the added 
alumipium tube.©Five dough moulding compound specimens were 
tested© and showed failure modes A (1) , B (3) and G (1) with, 
an average load of 1>77 tonf; and relatively slight variation.
The use. of these was. again envisaged for smaller wings, but 
the obvious©advantages in this field were not followed up. An 
alternative random fibre material gave very poor results, but 
was known to have been on the shelf for some time. ■ © ©
24.1.6. General Comments on the 24-inch Wing Tests.
' In order to facilitate comparison
with theoretical .strength assessment, it is convenient at this 
stage to collect together the results of all five©test series 
into groups associated with particular modes of failure.
Gut of the 148 specimens! of 24-inch 
wing tested, 64 failed in Mode A, i:e by stiear failure initiated 
at. the retaining shoulder. The numerical distribution of©these 
failures is summarised in Fig .131, where it is provis Iona 11 y 
assumed©that the root end flow resulting from a rolled charge 
is riot greatly affected by the form of additional reinforcement, 
so.that A Mode failures can be taken as a single statistical
group. Three exceptions to this generalisation are 
indicated in the diagram; two are from a flat charge, type: (b) 
in. Fig. 123,, ( apecimens . 98. and 99). ? and one from .dbugh moulding 
compound (specimen 140) v • Y 4 ' ‘4 ; -.4 ••/.• 7,; 4,7y . .j
'■ 4;.•' " * 4 • 7,- . 7 ' Failures in Mode B have - not been7; '•]
clearly separated in some/of the test readings, so the Mode B 
•distribution in Fig£131-; is tentative, and has been broken- down 
only into two groups, respectively using metallic and glass-basej 
additional reinforcement. - 4 4  • 7;-yyy4 I
Only ten Mode C failures - were:4'; \ 
specifically recorded; eight of these were moulded from/random 
fibre mat without additional reinforcement, one/had* additional j 
parallel glass, and one was from dough moulding compound/: ;*■ • I
. grouping in-Fig. 131 is made Upon this ‘/basis. > ,,. 4/4. f
.4 ' ; y y 'It has. already been suggested that j
Mode D failures tend to be initiated by local flaws, and may 
also be influenced by/ishe presence/of non-assessable/ eccent ricutj 
of loading; grouping in Fig.131 has therefore been confined to 1 
division into metallic and non-metallic reinforcement added to ] 
the basic, random fibre mat, as with.Mode B failures.
Fig.131, taken as a whole, prompts 
the generalisation that as far as radial pull-out is concerned 
a well-moulded wing will fail in Mode A at between 2 and 3 tonf, 
whereas a badly-moulded, incorrectly reinforced, or incorrectly 
tested will fail in one of the three other modes at between 
1 and 2 tonf. 4 ; . 4 4 4 /"
It must be borne in mind, however, that the truly radial 
pull is not representative of operating conditions, and-the 
presence of bending effects at the root pin and wing7junction 
when running requires closer examination of stress conditions 
in this area. The radial pull-out test was developed initially a 
a measure of comparative quality of mouldings rather than, as 
a truly representative test of operational capacity, and it is 
unfortunate that time factors and other pressures associated 
,with the.research programme prevented the de Ve1opment. of /a 
more .sophisticated test method./ . - A . ' y 7£v 'A 4• 7y,
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,©; :©24o2. Tests on 48-inch WingsV© A • . ‘
24.2.1. Test Series 1. . ' 7 M©'7V:'©©7 • 7
The. three specimens tested in--this 
group were not representative, having a rather complex .laminated 
structure in place of the customary rolled type. It may be seen 
from Fig.125 that the root pin is moulded predominantly from 
cloth and parallel layers, (14 layers out of 16 per ©half-pin), 
so that the possibility of a good flow profile at the retaining 
shoulder is. reduced by the 'stiffness‘ of the charge. The Mode 
A failure load (4.8, 4.5, 3*8 tonf) is therefore lower than • 
in the later' production, mouldings with their higher: content© of 
r*andom fibre© structure in the root pin.. The Mode D load, 
however, was found to be predictably high. (8.55? 8.74,©8.44 
tonf) .- The large fracture area and complex©damage associated 
with these failures (Fig.132) unfortunately preclude any + \- © 
meaningful correlation with theory. ,©7777 •
' "y :; 24.2.2. Test /Series 2:.'fa" \fa A; / -44 • 4 ,4 !/|fa/r;.
/.fal ; . 4 The 24 specimens of this series-/ ;
were all sufficiently close to the basic production structure 
to be treated as a single statistical group, and ore so treated 
in Fig. 133, where they are divided only according to the two 
failure! modes A and D. Modes B and 0 were not .observed/ in any 
of .the 48-inch wing tests. ■ ’44  : ■ /’
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The diagram, .indicates that in radial pull-out- tests the - 
failures are predominantly in Mode A and occur between about 
4;J and 6 tonf1;’ the D-type failures between 3/and 4 tonf may 
be taken as non-representative failures initiated by boiidf ; - 
failure in the reinforcing pads. 444 /fafa 4 '
■: Again, further: analysis becomes necessary to correlate
this performance with operating conditions involving bending 
at-the root. / . ' ' • ,
to4x24(3./Tests (on Special Mouldings'.. '•'((•to-YY Y/Y'* (rYtoYv4:'■ fj 
(7 ((:v:24:.3»1 • Tests on Compound . Bdrs . ’ YY’Y  ''--,44 (:.YTO YY'Y TO 
4,;:r,;- /-y • There was an appreciable , variation in j
the thickness of these specimens, due-vprincipally to the method I 
of moulding indicated in Fig.134(Flash escape,wasAvery difficull 
and overcharged, mouldings occasionally carried the -whole ram J 
pressure without permitting'.complete closure; this, besides 
thickening the .specimen, probably led to considerable/internal j 
damage. Further damage was possible in extracting the specimens j 
from the mould. ' :v.; (4 ’ - . ■ * .. : (. (/’■' - ,‘sf
It is not surprising, therefore, that the tensile test j
results .show a: high scatter; when individual cross-sectional i 
areas .are used with"the/corresponding loads, the average tensile;
7-4 TO' ’TO-. TO- 4 '4 *‘--y '(TO P > ' ‘to . 4 ' - ’/ 4 ’ ,istress at failure becomes 9 000 lbf/in", with a.coefficient of •.]* * • 5. . * '-•••' = '~ ’* ’• ' » '*/ » • ; V"J Y ' ' Y Y jvariation of- 26$. (S.Y - .4 .. /-,.* f ' / •(■
Bending strength is (difficult to analyse;without an;assumption
of linearity; bending stress at fracture 011 this basis Jiasea maai'•to to /to .• •" to. •"•' - too 4 ■ ’ ; ■ to .-4 . ; • •• '4 3apparent value of 20 400 lbf/in , with 24$ variation.-
Fig. 134. MOULD .SEGTI ON 
FOR COMPOUND BAR.
" 24.3.2. Tests on Dummy W i n g  R o o t s .(4-4’ - TO.-vto , •'4
: ( Y TO- . 4. (•-•; .. It is interesting to note that in 
these tests, which used(only random fibre - mat, no Type A 0- 
failures (retaining shoulder shear) were recorded; the fracture 
load in fact never reached the value of 5 tonf at which.most 
such failures begin to occur (Fig. 133)* - (to- .
In Type f vrol- dummy roots, an attempt , was, made to reduce- the 
conical flow within the fairing s h ou 1 de r (: b y i n c or p or a t i ngTO an 
annular roll; of material, from, which the fairing could form 
itself without greatly disturbing the central roll, passing 
through it. This had the -effect of shifting/the fracture site 
from B:in the Type *u1 mouldings to 0, but without any 
appreciable increase in - strength. . . . ’ y ;
-©Another-' feature of Type©' vl mouldings was the separation 
of thelwing.end of the;, charge into three rolls, as shown in 
Fig. 129, ©in ©an attempt to further, reduce distortion of the 
fibre distribution in the change of section beyond the©fairing 
shoulder..The central roll was a single unit from the root end 
through into the wing, arid; was intended to undergo minimal 
change/of shape during moulding. It was found, however, that 
fusion of the three rolls in the mould was unsatisfactory, 
and when the ©v1 wings, having failed in Mode C, were re-tested 
by gripping the root pin stubs, the subsequent Mode D failures 
involved separation’; of the rolls, as shown in Fig ,135 •
FIRST
F
SECOND
©FRACTURE
SECTION ON
PARTING
PLANE
Fig 135: FLOW AND FAILURE IN 
©: DUMMY WING TYPE V
The weakness in: shear along! the:/boundaries between the; ' 
three rolls caused most of the load to be /carried by the v y 
central .roll, and this /failed in all cases at the change in. 
section where the wing was stepped1 "up to . the/loading surf a;ce .
The small number of results obtained showed wide; variation; 
the five Mode B failures on 'u' structures ranged from 2-J to 
5 tonf, with an average1, of 3*86vtonf, and the average loads’ 
for C and I) failures on the 'v' wings' were 3 .69 -and 4.53 tonf 
respectively.
25* Discussion, of Test -Hesuits. ‘ ' y /-•
25*1 • Introduction. " ’/.; ,y .
'/• \y / , in Part 1 of this thesis, expressions
for strength and stiffness of various composite arrangements 
were derived on a theoretical basis, depending obviously/ y p 
upon numerous idealisations and assumptions regarding the 
behaviour of the materials involved. . y.. .
In Part II, numerous measurements were made upon mouldings 
incorporating simple structures', moulded with what could be , 
regarded as rather1 less than good commercial care: and/control;' 
this permitted a possibly pessimistic assessment of they, 
applicability to practical cases of the theory developed in the 
opening sections, leading to a further series of simplified 
formulae which might be of use in the design of compression 
moulded components.
It now remains to apply these formulae in estimating the 
strength of the moulded/wings, and associated test systems - 
for which the tested strength figures-have been collected;and 
summarised in Part III. The resulting comparison will offer 
the basis of a discussion concerning the; extent ..to whichyy 
stress-based design off-a moulded component is practicable/ 
and the procedure which such a design process should /follow 
if the validity of the initial concept is found acceptable.
‘ /;>• .,/ Test results from the preceding
sections; will be considered in the following order:-
Ca);/Compound Test Bars
(b) Dummy Wing Mouldings ;y .
(c);24-inch wing mouldings yy- ••
(d).48- inch wing mouldings.
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Y© : : 25>2.©/ Compound -Bar''• .Analysis-i’7' © 7  • © Y7© 7 7 7 ' ©
Type r of the compound bar series was 
r piled.©in such' a way that the final sequence ,of© I am inactions 
through , a diameter would be in sets, •each, comprising a crossed: , 
fibre ©pair with fibre axes at 25° to the 
- either.side©with random fibre mat. In view of the difficulty •
•' !;”© of visualising "the distortion, in this : structure ;wheri.©the:©roll 
section was collapsed to a rectangle- :Iri©the Mould, ib©is7 >© 
convenient to assume that the 25° angle was preserved In the 
moulded bar . 7  • © '■ • r 77*©/: ©
©© Measurements having indicated similar densities for; the 
• two types of composite, the : volume composition of..the©barv 
becomes approximately the same as. the quoted weight value;, so 
that ©the 'bar comprises 35$ by volume of..'parallel fibre * 
composite In/a virtually Vno.-shear’ state of constraint 7©+© 
interleaved with 6;5$ of random fibre*'mat v/ith the planes of 
lamination containing the bar axis. •©7 ©'©’; 7 „ ©7©77
© /7 ©'. 7  "©„■; ©•+-< ..•'■©( © For the parallel-fibre constituent
in the ’no-shear1 case with 9©= 25°, Fig©105 indicates©:;a :© ■
. ' 7  ’  • • 7  : © .  '© ' - . 7  (Z " ,• ' .© o  7 .  . .© ' , . 7  r: 4' rt7  -r. . • 1 •+ • value f or^  E 1 of about 1.78 x 10 lbf/in , while the . average 
tensile stress at fracture is 16©500 lbf/in ; if©thejmaterial 
© © were linear to fracture - this wouid indicate 0. strain tb/fractiire 
of . about ;9*2 ©x IP^/butbhe slight non-linearity/bbserveddin 
test specimens.of about the same 9 (Fig.84) suggests that 0 more 
realistic fracture strain would be about 10©x70©7/77 ‘ ■ -
© ©:©/Xn!;speakirig of-fracture in trie crossed fibre©rhaterial it 
is necessary to bear in mind that the, fracture©mode appropriate . 
• "• to the above figure was based upon interlaminar shear .In a 
large number pf,©interleaved layers, as shown in Fig.103, and 
it ,does riot .follow that. the strength ©would be as high" ;ij7sdme 
of the-layers were of random fibre mat as in the compound bar 
now- being considered. 7  •■ © ,.©'■ //©©)• •
7© 7/7 \ © • ' © •/ . The random fibre mat itself has,©. ’
from Fig.95 snd Table XXIX, an effective E of 1.43 x 10^
©;©/p>©'•/ • ,s’ - -  ^ --•X.,©- p- > . ;; ;lbf/in . and a fracture stress of 9 700 lbf/in ' with a frapture . 
strain ©of about 11 x 10;~ . ' ©. © - • ••,©'; ©©;-,7 /© ?•;
©;;.>-©:’/©’ © /"©■ ! ;•© ” Simple analysis now suggests"'that
tensile failure will be initiated within the parallel fibre 
layers at a strain, of about 10 x 10~^ , when Sihe parallel fibre 
stress©is .16.500 lbf/in2 and the random;fibre stress is/©again 
from Fig.95? about 9 zl-00 lbf/in2. The overall stress is,!.then 
©•(O.35 x -16 500) (0.65 x 9 400) = 11 900 lbf/in2. ©..©©7:; .
© This is considerably greatbr • than the/average measured-
strength, which came to 9 OOO ©lbf/in2.©It©Mast/be/rememberad:,
/■ . 'fa ' ' . ■ v ' fa. 293
hhwOver, that the strength measurements incorporated a.
very high variation, much of which may have been due to
specimen damage in the mould as described in paragraph 24.3*1 *.
In Table XXXVII, the fracture loads range .from 0.44 to 1.14
tonf, corresponding to stresses of about 5 300 and 13 600 
Plbf/in , so that the theoretical value of 11 900 falls within 
the possible range.- - . .
It is also interesting to note that if the lowest observed 
strength of a crossed fibre specimen at 25°, - 7 000 lbf/in2
at a strain of 3*5 x 10 4  from Fig.84, - is combined with
- . othe .stress of 5 500 lbf/in from the mean random.fibre curve
at the same strain, (Fig.95)?' initial fracture occurs in the■ • ■ -2 resulting compound bar at only 6 000 lbf/in ; while if the6highest random fibre strength (10 800 lbf/in at 12 x 1 0 )  
from Fig.95 is combined with the corresponding mean crossed
fibre strength of about 19 000 lbf/in at the same strain
• pfrom Fig.84, the compound bar strength rises to 13 700 lbf/in ,
These upper and. lower limits are very close to the observed
limitsdfor.? the compound bars, and therefore imply a; certain
validity for the simple form of strength analysis outlined
above.
£s ax preliminary to bending analysis, 
it is convenient to establish the non-linear stress-strain 
curve for the compound bar in tension.
It is first assumed that the parallel and random fibre 
systems have parabolic stress-strain curves given by:- 
dp * oip.€b f fo .E t
G oCr. f /lr. <“(4 (280)
Then, if. a proportion a^  of the cross section.is occupied 
by the parallel fibre composite, the total compound bar stress 
in tension is:-
(Pfc ” 6>r
s c/c.6t f (281) 
where ofc * &p.o(ptr 0~<Xp)o(r-
and
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• > ' In .the same way,, axial c ompr e s si oh m ay be .expected to; give.:
^  <9C 1- ( 5 V  . 6 /
leading to:~
A'C
where % =  ^f Q y •
and (57 = cy. c)p + rt'-ap <?V.
Tests on random fibre test bars have a1heady given the 
values, in lbf/in , .
' ,TO ©6 = 1.662 x ,10®: /3r. = -70.4 x 10® • - . .
• y,, = 1.484 x 106 C£  = -17.16 x 106 - , 4
These values were derived from the curves of Fig.95*
A., - .  • For the crossed fibre system, there
is only slight non-linearity in,tension, and its/value is not 
easy to assess; an average, curve derived from the group at 
a nominal 0 of 22-g-0, however /' (Fig.84) , suggests for: the 25°
case the values:— A." 1"1
- . pC = 1 .8’x 106 A  -= -15.0 X 106 - !I . • . i " Jv " . * * , ' . J % ' '• 4.
No compression curve is available for the parallel; fibre 
material. It seems reasonable to assume, however-, that the' 
compressive strength of .the crossed-fibre system would be 
much higher than the tensile value, as in tlie random fibre*""' 
laminate, and on this basis a reasonable approximation for-v 
bending analysis would be a straight-line law,
y  = 1 . 8  x io 6' ’ <F = 0. , " ."‘ TO.
■ . Jr .. V . If. ’*•.,/% ./ ; . ’ ,
For the compound bars here being
tested, 0^  = 0.35? so that from (281) and (283) *, 
v " Ot "* 1.74 x 10®
; : . ^0 = -51. 0 x .106
. if = 1 .,60 X .10®
- ' J\, = -11.2 x 10® —c •
*.*? It can now be shown, using the=A’-/
analysis developed in section 17.2.4., with equations- ’. -4 ; 
(250) and (254), that if the compound bar section is taken- as 
an effectively homogeneous combination of, the two composites, 
the bending moment to cause 7fracture under thestest conditions 
indicated in Fig.128 would be ,223 lbf-in corresponding to the
measured compound "bar# tensile strength/of 9 000 lbf/,iny 
and 316 lbf-in for the theoretical tensile strength of 4b/ '
11 900 lbf/in . The average measured fracture moment was,; 
from Table 'XXXVIII, 458 lbf-in. - A- .j
■The/reasons for these very large discrepancies cannot.be 
•established without further examination/of theiflow pattern 
within the., test bars, none of which,.. unfortunately, were 
preserved. Some of the difference will clearly arise from the 
presence of flaws in the body of the test bar, arising -from 
damage during extraction from the mould and from- local fibre -j
segregations associated with the relatively large change of J
shape imposed by moulding. The presence of such flaws.inevitably 
favours bending strength rather than tensile, due to the 
stress gradients in the bending, condition.
A further difference could, however, arise from mould j
flow if the charge distortion led, as might be expected,fto 
alignment of fibres close to the bar edges towards the load . 
axis. It is to be regretted that the absence of test bars for •]
examination precludes further development of this part of the
analysis. - » /4r. ■- /''' !
> Analysis of bar types s and t :///
(Table XXXIX) is even less conclusive, because of the small \
number of specimens tested. ‘4 4
The theoretical tensile strength of Type s (18$ parallel j
fibre composite by volume, axially;aligned), taking the j
ultimate strength of the parallel composite along its, axis to j
be 21 200 lbf/in2 at a strain of about 9 x,.10~^ , .(Eig./S/and 
Table VII), is 11 200 lbf/in2. The true ultimate stresses for
specimens 48 and 50 were, from Table XXXIX, 6 450 and 4 060
p ■ . . y y  . |lbf/in respectively. . , y y . y y 4  ' I; " . 4? b r4Y‘ ‘ }Similarly, the theoretical strength of Type t, (26$)paralle2 
fibre composite by volume, axially aligned) is 12 150 lbf/in** 
against measured values of only 3 600 and 9 300 lbf/in / 
respectively for specimens 51 and 53* The■wide differences 
within the.measured figures, coupled with the: approach of the I
strength of specimen 53 to the theoretical figure, suggests 
that the four specimens concerned must have been seriously 
flawed, possibly because of the greater susceptibility of,y, ;j
the axially-aligned fibre to damage during extraction-; fromx - 
the mould. y :"-4.., /- '-4 y/ ' I
In view of the above comments, it has not appeared 
worthwhile to.estimate the bending strength of specimens 49 I
and 52.
•,=•:/ In general terms, the foregoing
analysis of compound bar test results in tension and beriding 
appears to indicate that the theoretical .'combination of two 
simple composites by standard compounding analysis can be 
expected to give a reasonable assessment of the true tensile 
-and, bending strength provided that the specimens concerned 
have hot-suffered excessive damage and can be taken to have 
preserved a straightforward structure.-, ; '• £ ';•( .TO' ;
- The upper and lower limits of strength in the/,compound 
system on a. group basis may be assessed by theoretically 
compounding the highest and lowest strength- Values of the TO. 
constituent composites, provided that reasonable numbers of * 
the constituents have been tested., •" TO;TO; ■=/-,, TOTO,
' • ;,4The. presence of flaws in the moulding; will tend to'.'.’make 
true bending strength higher than that predicted from4 -4 
tensile strength figures, whether the latter be theoretical 
or measured values + TO. 4 y ‘
25*3*. Dummy Wing Moulding Analysis. 4'=' to TO! ■ 4/ 
'TO:ATOTO: *-3 A .: '.TO • Considering first the Type !i.i'
.dummy wings., these were rolled from a single L~shaped piece 
of random fibre mat (Fig.129) and failed in. all cases at..-' 
the; f airing shoulder;. (Mode. B, Fig .130 ) 4 In order to /arrive 
at * a theoretical strength for this site, it is necessary, to 
postulate an idealised structure'in the fairing shoulder and 
• the adjacent regions. 4... >; TO:'.4'4
■;TOto Fig. 136 indicates an assumed conical flow in the '344 , 
fairing shoulder at the junction with the root pin. It is 
taken that tha axial collapse of the charge into the fairing 
shoulder during moulding-will tend to keep the fibre Volume 
content more or less constant along the axis of the3-moulding.
The weakest section in this . idealised structure,' will be in 
the-conical section adjacent to its junction with the ;root pin 
At .a radius r in this section, the axial" stress is- (p ; , s o tha 
the axial-load P is:- ^
-■ ? =  ZT\ j ^ . i r d - r  —
0 r • ' -'TO' ;
. Also, the axial modulus of elasticity E will be a- i afunction of radius and hence of the angle 9. Taking the systo;:. 
to be. a free shear one for simplicity, sirice many of the TO 
parameters-.cannot be accurately determined, suitable- adpptotio 
from (155) gives:-
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where E„ = modulus of elasticity for random fibre mat j
in plane of lamination '/' '4 '4-;4 ' '
. /. ; ; - v E^: = modulus, of elasticity for random' fibre- mat
normal to plane of lamination : . . y4-y4?44 \
- Poisson's ratio of n-strain to p-strain for 
; ■ ; ,44 4 in-plane loading of random fibre mat /.4.' -• 4-;? - 1
.. (j = modulus of rigidity for loading in np plane.
' 444: Unfortunately, only E among the'
above four parameters has been measured in the test series 
described in this' text, and this was only obtained/as a 4 " 
tangent value to; a non-linear curve. An approximately; effective1 
value for loading to fracture will have to be introduced, ;
together with reasonable guessed values of the other quantities 
in (286), to obtain an assessment of stress distribution 
in' the above, system. 4/4 4
, 4>4 From Fig.95, a suitable . value vf or E 4 4 4- . ' ■’V'V ’ pwill be taken as that, for a straight line pas sing, •through 
d>t = 9 000, 6t = 9 X 10” ,^ giving E = 1.0 x 106 lbf/in2.
The value for 14 will be taken as that for the lateral 
modulus of the parallel-fibre system, ire E./ for © - 90° in- 
Table XXIX. This is given as 1.05 x 10b lbf/in2, but the scatter
arid non-Tinearity; indie ated in' Fig .82 ■ suggest+f or pr.esen:t+7 ' 
purposes a somewhat lower value!, say 0.6 x 10 • 'lbf/in.; . '*
No values for V  have been measured, but an appeal to 
initial theory offers a value for ^ np GS an average of.- • 
values . for axial and tra'nsverselloading of parallel-fibre. 
systems as given by equations (42) and (124) respectively.
For Vv, = 0.21, the resulting value is 0.213? taken here as • 
0.21. ' ; : ' ©
It was shown in section 6 that the theoretical modulli , 
of rigidity for a parallel fibre system loaded, in planes 
respectively normal to and containing the fibre .axes could be 
expected to have similar values./If it is argued;that shear 
loading in the pn plane-comprises, for the random fibre mat, 
components/respresenting both these case’s, a suitable estimate 
for the value of G „ In this analysis might be obtained by/■ * X ', . •* i / © * . ' ’ ,T y . 7 7+ vreference to the value for G ^  deduced in 17 *10.3 * for. oblique 
loading of the parallel fibre system. The first deduced., value 
was 0.39 x 10 , but later, comparison /with; measured values *•' 
for E. suggested, that it; should be about. 10$ higher,; giving 
a figure of a' 
be used here.
x .., . • . r pbout 0.43 x 10 lbf/in . The latter value will
©/••:/ ' " If an • axial strain £•' , uniform ..over,
a cross section, is applied at the station under consideration
then "• "7: - ; ,77-7'
b  = 4- € “0 Q. : . . (286)
* % < ■ v * •* ' . ' *and since 1“ * 1R;4a*0; tdr - R  set'O -han9d B
equation (285) becomes:- •' • 7
?  / ; / .  7  ; Y
f = 2TTRS£.ep . (288)
■P
T
where
o
'id
Then, 'from (286) and (288),-
The maximum value of;6 occurs when© = 0, E ~ E >
" v *. .299
■ ' / J r'TO 4 ;' • 44" ;4; . TO ■ 0  5 ' .•*•’=■ Ya/4 TOy ,where o TO is the average .stress ,TO : ' = •
'  ■;: ' ' - + 4 4 : 7m* / ■•)4'74/ ..Tz-'
For the values quoted, J is 0.486, so that from 
the maximum tensile stress d a is 1.032 dn,. suggesting onlya ; . -oa small variation of stress across the critical section. It
is probable, "in fact , that stress concentration at the /internal 
45° corner on the profile., will produce a higher at re ssTO than TO' 
that at-the axis'. 4  "4. . ’ TO "TO 4 " ",
For the 48-inch dummy wing, root,
R = 0.71 in, so that the ultimate* load P = 0*71 x 10rY<^  . tonf
i  : U  • OUwhere G  is the ultimate mean stress at the section inP oulbf/in If the ultimate tensile strength of the random fibre
mat for in plane loading is 9 700,lbf/in2, then(3 to produceo outhis value at the axis must be .9 400 lbf/in , ‘implying a
fracture load -34 = 6.66 tonf.
. Stress concentration' effects; can only be;discussed with,-TO . . 
caution with reference to internal surface radii for composite 
materials, since a two-phase material with relatively small 
structural detail -may not react to surface-discontinuities."in . 
the same way as an effectively homogeneous solid.. If the 
composite is regarded as homogeneous and elastic for the
moment, however, the concentration factor introduced/by the
/^)k in. radius at the 45° shoulder will be about 1*3, and"the
axial load to produce fracture at the surface then becomes- -• 
513 tonf. Test values are lower, ranging from 2.45 to 4+98. 
tonf as indicated in Table XL. ,4 , •//. ,
Inspection of - the fractures , in ( v;- 
specimens 1 to 5 reveals : ' */-/
(a) In specimen 1, failure occurring about*/halfway along
. the 45° flank of the fairing shoulder, with considerable bucklin
of the structure at the fracture face , and TOTO4 ;TO ' '
(b) In specimens 2 to 5 /• failure occur ring more in 4t He $ 
manner upon which the above analysis is based, but at a load 
which increases progressively with the density of the moulding.
The flow characteristics.' observed 
in case (a) above are sketched in Fig.137? and are assumed to 
have been induced by axial flow into the fairing shoulder:from 
both, ends, arising in turn from excessive overcharging.' - Yyy.
For the other specimens, the association of strength/with 
density points to the action of the f airing- Shoulder/as (a , 
trap for air inclusions which seriously impair local strength.
• ■ ' ' / ‘ • . A * . .  ^ ' 4 * . * - '
■'= "-=-4 A 4 4;4TO>TO--:-TOTO/4y-44_ A -TO . 4 . 4.4TO
: Fig 137 FAILURE AT
:BUGKLED ZONE 
IN FAIRING 
p. SHOULDER.
/ • . \
' It is not. easy'to assign precise
sources for the reduction in strength of specimens 2 to 5 
below the theoretical value. The strength-density?relationship 
has indicated a; void, effect, but the .structure within the. 
fairing shoulder of these specimens, while hot approaching the 
degree of ' distortion indicated inFig. 1-37, does ..deviate 
noticeably from the conical flow previously assumed. Since 
conical flow would, in fact, represent the best type of-.flow 
from the strength point of view in relation to this particular 
form of rolled charge, any deviation from the;conical pattern 
necessarily implies a reduction in strength* . .
As a general principle, this type of discrepancy points to 
the necessity for a clear indication of the anticipated flow 
jiatterh when attempting stress analysis of - a projected 
component moulding. ?
Going on to the Type ’ v1. moulding, 
indicated in Figs. 129 and 135? this was developed in an 
attempt to avoid conical flow in the fairing should ex' by- 
allowing a single roll to pass through the full length of the 
root pin arid into the wing without contributing material to 
the shoulder, which was fed by a separate collai'. To: further 
reduce weakness due to ‘fanning/ of the centre roll into the 
wing, two-secondary rolls were laid alongside the main.roll 
so that overall distortion of the-charge during moulding was- 
considerably less extensive than in the Type 'u1 case.. It was 
found that, all the ’ v1 mouldings failed first ?in root: pin 
tension adjacent to the retaining shoulder, (Fig.135), st leads j 
of 3 *15V 3• 95. 4.07 tonf. for the ‘three specimens pulled.
Since the root ends; of the 'u* and ’ v' mouldings. -should 
have been identical, it is curious that n on eo f the 1u’ types;•. :
displayed this Type: G failure ,j preferring to fail. in. Mode B 
at occasionally higher loads .. Possibly the axial thrust 7© 
generated in the charge by mould closure Was’ greater with the 
hbovertypee.because + of the greater degree+of forming involved, 
leading to better forming of the root end. /©/• ©..
Any estimate of the load required to cause a C failure
must - again .depend upon the effect of stress ©concentration at the 
retaining■shoulder, bearing in mind particularly that©the.load 
is applied- through this; ©shoulder and' not transmitted''along the 
root pin axis. The loading system and resulting tensile stress 
(j ^ are indicated in Pig. 130
- If, for the sake of simplicity, the system is treated as
one of axial load transmission along a stepped shaft, the ,
stress /concentration at the shoulder is due to an internal •
radius of 0.06 in at a diameter change from 1.48 to 1.67©in.
The relevant factor, based on homogeneous elastic theory, is• ©-•©<. ‘ ;■ ‘ ' r; . >© !' ' '• • ' ■ 2 •2 .1, so that a local tensile stress of 9 700/lbf/in would
be achieved: by. an•axial, load of 3*28 tonf . This isslessathanethd
average test load of 3>7 bonf, which on’this line of reasohing
would call for a concentration factor of about 1.9* In.the
absence of further information, it will be assumed for the
moment that the retaining shoulder introduces a stress
concentration factor of 2. ©.©©/•
PuTtlier testing of the same specimen's after this; initial 
fracture causes failure in the dummy wing body, again shown 
in Pig.135*/The loads required for failure in this mode were 
4.62, 5*03 and©4.09 tonf; these were., in general, sufficiently 
high to suggest that the modified charge form had in fact • 
alleviated the problem of c onical flow we aknes s;in the fa iring 
shoulder. The failure sequence Mading to separation of the 
second fracture . as :in Pig. 135- is shown again; in Pig. 138. +.
-,© Fracture; begins at; the edges of the dummy wing, where the 
fairing shoulder zone merges with the two side rolls, and 
proceeds Immediately to the centre roll and up the junctions 
between the .three rolls until halted by the thickening of the 
dummy/wing. This occurs at about three quarters of the ultimate 
load., '.'which represents tensile failure of- the; centre rol 1. Sinee 
the roll contains roughly the same cross-sectional area of 
rolled random fibre as the parallel part of the root pin,' the 
theoretical load, should'be about 6.9 tonf,©corresponding, *-■ •/- © ■-©' pto a©uniformly distributed stress of ,9 700 lbf/in ‘; stress 
concentration occurs at the ends .of the cracks running;up©the 
roll junctions, however, bringing the ultimate load down to 
4-5 t o n f ©'/ © ©'”© ( •■/ -- • ; "" . ’ '* .
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The small number of samples tested,.’and the overall 
complexity of the failure mechanism, make it difficult to. 
construct any .meaningful analysis; the initial crack will 
start at a, load which may be expected to vary widely with 44' 
local structural changes in the moulding, and the ultimate]//, 
load can only be regarded as the 'ideal* foot pin tensile 44 
strength (6.9 tonf), modified by a factor of about to allow 
for stress concentration. ■
The Type 1v1 moulding was introduced 
as an interim experiment in the development of a suitable root 
end moulding for 48-inch wings, and does not in itself present 
a suitable mode of wing moulding, because of the failure of -
the. parallel rolls to fuse together. Envisaged developments 
incorporating facing sheets to tie the' rolls together could
not, unfortunately, be tested because of the termination of the 
contract. ■* : " . • • , 4  ';>4
444 
■ 44 A -
( p TO-;2^ 'Ariaijsfs^ :p£;-v24>*incli. ?Wd:n-g-TO-M6tiidihgs-*•’:. ' TO TO/':4 A TO
4 :' vTOr ( ATO' ’vY; . .. TO It is proposed, to consider the ';':
pUll-out test, strength of the 24-inch wing mouldings' midpr four 
headings .corresponding to the four failure modes A,, Bp C and D 
defined in Fig.121• In the B and D modes, attention will be 
given to the possible effects of bending associated with radial 
loading in the impeller- under operating conditions. "A TO- /
No analysis will be attempted for' the me t al-re inf ore e d. 
specimens, since the precise failure mechanisms observed haVe 
not;been adequately recorded; it seems probable that all such 
failures involved separation of the metal '.‘reinforcement from 
the surrounding matrix. The same applies to(the later carbon 
fibre reinforcements, where- the fibre failed to bond intb the 
polyester. • TO- ‘'TO'"
= 25 .4.1. Analysis of Failure Mode A. , -, 4'..
,4 /'4y.4'. TO: . The dimensionsand typical flow-in
a 24-inch wing, root/are indie at ed/in Fig.1(59, where an ideal 
model for. the shear failure mechanism of Mode A is also TO-.-. u , 
indicated* The flow is typical of most root ends, regardless 
of the charge structure; the incorporation of parallel-fibre 
reinforcement seems to have little effect- on: this part>• of: p.. 
the moulding. ■ ,4 -'(- 4 TO 44-
TOTOTO'M/ TOTO TO
015
J
0-85
0-50
dimensions 
in inches
TYPICAL. TO 4 
MODE'a' 
FAILURE
P (distributed)
IDEALISED' 
FAILURE MODEL
Fig.139 2^-inch WING ROOT
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1 ;; ? v.>l6d'eV:'A-.failure usually involves a cup-type, separation,
■ as shown in.Fig♦139 *V The principal resistance to initial,failure 
•is in. shear on, a cylindrical, face running into the / corner of • 
the retaining -shoulder and- following the inter laminar plane/- of 01 
the rolled charge down into the root tip. If the small break-out 
load required for final separation of the cup across the bottom 
is neglected, the failure system san be idealised to,the simple a. - . ■ • , ' ;~‘p :; I'P'-shear model of Fig.139; the load P to initiate failure is then
. p  - ¥ d L X  ' / 4 v y  .,:lv;:(29G)
where T^ /-is the average interlaminar shearing. strength,
//- L • is theilengthdof the cylindrical shear face, and ’
d! is the smaller diameter at the retaining. shoulder 
. • ; In the present context the appropriate: 
value for Xi. is probably the interlaminar shear strength for \ 
random fibre -mat, as found by the single shear test (c)/of Fig. ? 
72, since the shearing'stress distribution will be similar in 
both cases. From Table XXIX, this is taken as 2 800 lbf/in2 
with a coefficient of variation of 33%• "r ’/•'• fa-. '/fay// j
/If L and d are taken, for the 24-inch wing, as 1.0. and 0.5 i* 
respectively, F becomes.1.97 tonf; say 2 tonf. Reference to the 1 
upper distribution diagram in Fig.131 shows that this.gives a 1 
rathfer low estimate of average Mode Ai strength, which is about I 
2.46 ten.f, but gives a good threshold: design figure. The lower ;j 
: limit of variation,'. 1.4 tonf, comes below .the 1 owest observed / 
strength, and tee upper limit, 2.6 tonf, just; spans 'the-, average.
;f 25*4.2. Analysis of Failure Mode B.. -4 4  ’-/h  / . - .
. './fa. . A tentative analysis for this type *
of failure, based upon a concept of idealised conical flow, has ./ 
already been carried out for the 48-inch dummy wing moulding, 
for which it. was found (section 25*3) that failure was most 
probably initiated at the internal radius where the fairing 
shoulder joined the root pin. The stress concentration, fact.or 
of about... 1.3 introduced to cover this case, referred to the 
random fibre system:of.the dummy moulding and assumed that this ; 
might? lei provisionally: treated as a homogeneous s olid. \fafa ■: 
Only 13 Mode B failures were/observed in glass-reinforced 
24-inch wings; the loads and structures;, where i t  he latter have 
been specified, are collected in Table XLIII. • ' . •
TABLE: ■ X L I11 . MODE B ©FAILURES IN GLASS-REINFORCED' 2 4 - in c h  WINGS
Specimen
No 1, /I©
Structure.;.7 7 ’7  4.* - • ~K-P
tonf.
©8 //©/ Flexible-grade, mat with unspecified added ,.- ■©•
parallel reinforcement 2.58
' U 0 ; . * ‘; As 8 ' ■ ’ . ©. -, 2.48
7 : 7  +.'. Flexlble-gradelmat only ©■©'-' ~.2.07
[1-2©-©; ' As 11 . © ' © - - 7  ©7 1 .68
M y x  . Commercial-grade mat with unspecified added -t v©
7:7^ ■ •©?parallel reinforcement ©. . ' •••, •■•'©,1.78
©167 As 15 . - ' ;© V- 2.83
■ Gommercial-grade mat only ^ 1 .31
©3377 ©., Commercial mat with unspecified added 7 -A/-.© © '*© par all e 1 relnf or.c ement • ( not ne.c ess ar ily as 15) :1.54
34© 13,33 © ..Y':.7-;©-'--7 ' '■ "■ . ’ : V,-: ,..Y-7©1,63
©52 Commercial mat ©with unspecified added ©0 >•
;©.© - © © ©glass cloth©. 7 7  © 7 7  ’•© ! "7‘- •1.10
©142. . . ■ YDough moulding compound: 18$ by volume (-J-in) 1*957
©143:^  b 7 AsYi42'Yv " (©'' • -©•© . ©7 7'7;i7.:1,85
144© • •As:>142 7; 7  ‘©--... ' : • ' :©77:;i1 .60 0
wing moulding is 
taken as:-■
If the analysis for. the 48-inch dummy 
the ••Mode B failure load may be k
©+? = 0 irX.6©
- ;4  k u.{r (2
where k is a stress concentration factor, which may be 
©.© '© 0' taken for the 24-inch wing as 1 .5 due to the.
'. ©- ’, . smaller shoulder radius compared with the 48-inch
’© ''©-:. ... c a s e ,  ”  . v 7  ©•■+?,, ' '*
d is.the root+pin diameter at its junction with©the 
. © © • -.©fairing shoulder, takeirss 1.0 in, and
- ' r^ ;Is the ultimate tensile strength of the composite, 
structure.
7©/+©Y, ©© ©- ©. , © No independent tensile test , was
carried out upon flexible grade mat, but comparison of the 
wing tests 11, 12, 13 with 17, 18, 19 in Table XXX suggests©that 
the flexible grade is about 1.4 times as strong as the
commercial '.grade used in all later tests, indicating a tensile
v . > .  •'V77 A:':©7 -©'• -V v ; . . . -. .  - • . . 2 • -'strength of about 13 000©lbf/in . The strength for commercial
M b S . ' 700:: lbf/In2,7 and for the 18$ dough
moulding, compound,. 3 600 • 7bf/in2.. C ©; • ;© ©''
7 1 7 .
"figures) (291) gives theoretical strengths - in J 
Mode: B of :- 4 .■ /; - A  ///;= ;'; , . = ’ _ ' ' ;/7t/y/Y
3 •($ tonf for ji and 12, compared with 2.071 *68 tonf 
2.3' tonf f.or 19, compared with .-1 .3.1 tonf . p.-*A-v
0.9 tonf for 142, 143, 144, compared with .1.95?. 1*85?-
: 1.60.ytonf . //Ay;
• y / C V; A"'* 5 • The theoretical values for Aheoj/Y/'
random fibre mouldings are here found to be about 70$ too:high, 
indicating- that the simple failure mechanism-upon whicii.,(291) 
is based cannot be used with.any confidence. It is probable 
./that the smaller moulding displays more .readily than,• the y 48-inch 
unit the phenomenon of buckling within the fairing shoulder, 
indicated in Fig.137; ii this is so, the mat in the buckled' 
region would tend to behave more like a dough moulding compound,'
and the appropriate strength figure for the commercial7grade• 4- >;'ZV"4 • .TO / ; ‘ 2 A/TOr.'mat would become the D.M.0+ figure of 3 600- lbf/in . Further,
the dough structure would tend to invalidate the stress; A V
coneentration effect, so that (291) with k = 1 gives P = 1.3 tonj
This is close to the value for 19 but. low for 11 and 12,
where a flexible grade dough structure would be expected to show
a higher strength, and for 142 to 144. In fact the effective
strength of the dough structure in this application should be
rather greater than 3 600 lbf/in2,=the bending tests on/this
material having indicated a large increase.in strength in the
presence/of stress gradients , and a value Approaching 5 000 i
lbf/in2 might be more appropriate. The available wing test/'.
figures are too few, however, to permit further development of
this argumentIt is unfortunate that the remaining results/';
tabulated in Table XLIII cannot be checked due to lack/of
information on the structure. \ TO ' :' ■ (.TOY
25*4.3* Analysis of ’Failure Mode C. • TOl TO,
Most failures in Mode C (tensile/'/:’/ 
failure of the root pin adjacent to the retaining shoulder) ;
/occurred in random fibre mouldings, and are/collected in i/ / 
Table XLIV. . / ; ■ ,■ '
306 4;
TABLE4LIV. MODE G FAILURES IN GLASS-REINFORCED 24-inch WINGS. J
Specimen No •
Structure A‘4 " ? ■ "//;...;/? / -Mfa A" 444/A- P/ '4; 
tonf.
1 2' 4/y7/ *Ohemical-grade mat with unspecified added . , 4x
A ■ A A. . . -.A 'parallel reinforcement ; *• 4/ 2.10 i
4-5;;-4 Ohemical-gfade mat only 4 ' 4f -.A A i l 1 .13 f
/ 6:// As 5 • 4 • * '4.* a. - ’; . . a •” ■ /■ . 1.85 ‘
413 Flexible-grade mat only ? 4  ■ r 4 /vXa4 1.83
1? 4 : . " fa Commercial-grade mat only . /;4:.;;;i-■Q .991
-A/18/7 As 17 fa " . ■ ..;/•• fa ’ ! : 4 :"fl:1.56/
24 / ■' A Standard mat only \ A/>/ * • < y • 1 .71/
425 As 24 ' ' ■; * ’ , -‘A .1 .94 :
X26 As 724 . : fa, , fa; ;fafa , . . • . v./;:7e 1.84 1
141 Dough moulding- compound (18$) 4 .60
■4 If, by analogy with .the analysis?-
for the = dummy :48-inch root, the maximum stress at the failure 
plane for Mode C is taken to be twice the?mean stress, the J
value of 6 using commercial mat•becomes 1.7 tonf, representing : 
a fair average for the mat specimens in the above table. More .4 
detailed.treatment is again invalidated by:the ’shortage;of 
test data. * • ?/.,;/ 'A v'Av V 4/f/ •' ' ■ fa' V -4- •'
. For the dough moulding.compound specimen 141,: a tentative J 
figure using a strength of 5 000 lbf/in2 and negleeting stress 
concentration effects, as suggested in the praceding section, 
gives P equal, to 1 .75,.tonf , . against the,single test figure 
of 1 /60\ Again no definite.. conclusion may be drawn.. 4/4 a*...
25*4.4. Analysis of Failure Mode D. 4. 4 '44
. Failure Mode D (fracture in the
wing; just beyond the fairing shoulder) occurred in-55: specimens,: 
predominantly at loads just below 2 tonf, as shown by Fig.1p1. ■
Gomparison of these results with theory1is complicatedby - 
unmeasured inconsistencies in the test systems, arising'from • .4 
the variety of equipment•used. - It: is felt that s ome' Tending may / 
have been;Inadvertently 'present in many1- of the tests, and 
.failure initiation may also have been influenced by. faulty*/: 
bonding of the reinf orcing pads . 44 - ■' . 4- ;
'"Identification of the failure mechanism/may be facilitated 
by?the/breakdown of specimen structures and loads in Table XLV.
V V . - V / Y v
TABLE XLV. MODE DFAILURES/ IN GLASS-REINFORCElJ 24~inch 4vI.EGS.
Specimen • .No'. Struct lire •- / 4 .4' _■ E\4 -.4 /' = •-.(
AP
tonf.
TOV 9• 3 ' *•- ' •' /*■' toe/. • '
.Flexible-grade mat with unspecified 
parallel reinf orcement - .
added
1.96
'421//'..-; /Standard-grade mat v/ith unspecified added- -3 ■/ /
parallel- reinforcement /: ■ ' ‘ ' '/4'E 1.77
"32 ; =/■, Commercial mat v/ith unspecified added /i.-u.,E;t'.4/
par all e 1 re inf orcernent .4 • •;• 4 .20 '
35. As 32 1 .74
• 58 '.'YTO; One. layer commercial mat to four of parallel
fibre at 25° 1 .80
A/fep./ Toy As .' 58 ' 1.96
*. -..63 ; As.' 58 ' • . , • .f 1 1.86
66 As 58 ■ ’ V 2.54
;.;7.69 . ’v; As 58 ... 2.82
4:73 As 58 *’ • ' . '• TO.1.25 ’
■ ’ 74' As 58 1.46
. 75 As 58 ■ ’ t 1.40
76 * As' 58 2.16 ;
-:5so As 58 1.80 :
: 81' As 58 . ■ ( 2.80 3
83 . .Type c, Table XXXIII . j .y-' 2.79 - *
4  86 Type c1, Table XXXIII 2.81
89. ' Type a’, Table XXXIII ., r  . * ■,/:..33*34
4  96 ■ Type S> Table XXXIII • v,1*79 ;
- ' 97 As 96 2.26 /
122 ; ..Type a, Table XXXIII 4,. /.;•2.10
124 As 122 •2.60
125 As 122 ■ :'4=v4:•1.80 ;
126. . Type a", Table XXXIV , '■. TO'toyIy fl ..95 :
;128 . . ■ Type f, Table XXXIII 2.00 i
'134 ; /■ As 122 1.80
135 . ; As 122 2.10
, 136 : As. 122 1*35 4
(137 As 122 1.35 -
138 As 122 . 4 " .V2.10 j
139 As 122 1.10 j
•145 Type j, Table XXXIV 1.60 t
: 146 As 145 • '/.(71.70 I
4147 As 145 1.30 f
1148 a  :As 145 ■ • 4  W • - . : , r \  . »• * ' > 4' 1.30 5• '!
V 0 j ***-.•' ' -i.
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©.© :A feature of the 24-inch wing geometry is the"displacement 
■of the root pin axis from the line of maximum thickness of 
the wing section; this causes the initial closing of the mould 
to ©sweep; the basic roll towards the maximum thickness, .leading 
to the distorted chord-plane flow pattern shown in Fig.140.'
ROLL AXIS 
DISPLACEMENT
LEADING- EDGE
FRACTURE
INITIATION
Fig.140. CHORD PLANE FLOW IN 2 4 -inch WING. 7. 7 ;.
©7. ' 7 .  i© ■ © '■ The roll displacement has the effect of
moving both the geometrical and effective©centre of resistance 
away from the load axis,-so that the t e s t s . l o a d  introduces ©• 
bending at all points outboard of the fairing shoulder. The 
effect is greatest ©just beyond the shoulder, where;the effective 
* cross section is small and flow in the chord plane deviates, 
sharply from the axial direction towards the ©outer edges, 
while the roll axis disiJlacement has already reached 0.1-0.2 in 
The resultant combined bending and axial load at this critical 
section tends to initiate fracture at X, as in Fig. 140 . +.. ■
• A tentative analysis for this failure mechanism may be 
based upon an effective ©axialrfTpw-'sec+tion ©derived from a 
’minimum area' arc just outboard of the fairing shoulder,,v.as7 ; ; • ‘ _ * ’ • . 7. 7' ' ' •* 7 7 "defined in Fig.141. The section is obtained by taking the J
overlap area of the root aerofoil and the fairing shoulder 
profile, and .reducing the breadth of this area towards the 
ends to make a rough allowance- for the reduction in axial . !
. + ■ , • ’H  -jmodulus as the flow deviates from the axial directionV© The ' j 
derived.section therefore represents an equivalent hypothetical©
section in purely .axial ■ flow, and has the characteristics 
indicated in Fig«141. • -. V '■ . i/V y
DIMENSIONS IN INCHES
effective QXiaMIcwx 
section on X-X
... A =1-18 1=0-17
r
f ' I
A 004 .0-71 _. 0-79 .
Fig m y  m o d e l f o r  m ode d f a i lu r e  in 
L •? 24-inch WING.
In the 1 axial flow’ system, a load P tonf applied 
the root pin. axis will- produce a stress at A, neg 
st re s s c one entration,; of - y.
<&• = f  + 0-O4P, Qn s 1-0.3 P - t o - f /A
o n
if the flow at A is taken, v/ith reference to (.specimenr-0examination, as being at about 45 to the axis, the value 
given by (292) must, be reduced by the'ratio of the 45° modulus 
to the axiaiympdulus, which, for .a mixture.,,of random and parallel 
fibre may be taken as about 0.4, arid multiplied. by-;a- suitable 
stress concentration ]for.the sharp internal corner at -A. This
corner tends to.Abe -.resin-rich, and does not .greatly .divert -the
local flow,-' so that a factor of about 1.5 suggests its elf-; the 
axial stress; at .A then becomes' 1 2D0B 'ibf/lri2/ ;(F ’in tonf)
YE TOY'TOyeY.; Y'TOYl:'''-TOy;:Y.:rYp4:; - Y 4/TO-YY 4-v:%;^ Y^ TO\’';3'1 "1 \ 
3( They relevant:, ultimate stress to be used at A would .he 1
that" for .laminations of random fibre.’mat, or of mat interspersed:
v/ith parallel f ibre ’layers, loaded at about 45° to the planes
of lamination.•No>tests have been carried out to determine 
this strength specifically, but if. the failure mechanism (is 
taken to depend upon interlaminar tension the strength will be 
of the same/ order as that for a 1 free-shear' parallel* fibre
system loaded in its plane at 45° to the fibre axes; this ^ from 
Fig.106, becomes about 2(000 lbf/in2.
The load P to cause failure' at A is then about 1.7(tonf, J 
which is. (rather fortuitously) of the right order according .I 
to they results in Table XLV. The average strengths for the 
groups 3 ofvwings typif ied by specimens 58 and 122 are respeetivel] 
2.0 and. 1.8 tonf, both groups showing wide variation. Fracture .1 
initiation was observed * at.A in most cases, but a small change \ 
in the local structure in the.region of this corner may have 
a considerable effect upon the' load required to initiate fractur;
For the-dough mouldings, a first assessment may be based • ] 
upon homogeneous theory, using the- whole - as opposed to
effective.- overlap area at the junction section shown inf'TO 3;"" ' p .4Fig. 141. For the full area, A = 1.25 in and I = 0.19 in , so
that with g taken to have the same position, (292) gives a 
corrected value for yd ^  of 0.97P tonf/in2. Taking the tensile
. . . . . . .  pstrength of dough compound as 3 600. lbf/infrom Table XXIX,
and neglecting stress concentration, P for failure becomes3.A- 
1.65 tonf, compared with an average value of 1.4 for specimens 
145 to 148. A larger number of■tests would be; necessary to 
make further development of this,comparison worthwhile.•
25*4.5* Bending . Effects., in 24-inch : 3 Wings,. . ,-..i
- •' 2p . p -3 Y :? ’-= r; V\;f /Y IFrom. equationsi.(g77)• t :o. (279) > 2 -a
running .speed causing a radial load P tonf in a 24-inch v/ing root
(would also cause bending moments = 0.106 P tonf-in and
ivY _ .= -0 .36 P tonf-in, these moments being: defined in Fag:(119*
All wing tests in the series* described have been under radial 
load only, due principally to the difficulty of accurately^ 
-applying combined .radial and bending effects; and it is therefor; 
necessary to try and establish a threshold radial strength which; 
will ensure adequate strength under opera ting c ondi t i on s v/hi c h ] 
produce combined loading. Y ' YTO 1
Due to the clamping, effect of. the hub .assembly upon (the 
root pin, combined loading will affect only the failure modes j 
B and D. • • ■ -Yll j
: Mode B refers to aii ■• axisyrnmetrfcal ©
system carrying, under combined' loading, an axial load P and 
a resultant moment 0.376PSection 25*4,2 Mias . suggested that
the relevant structure should be taken as an ©effective:,-dOugh.' ’ ‘ ■ v' :<• '.'0+ J"-'2moulding type, with a tensile strength of about 5 000 lbf/in ,
acting on' the root pin minimum'diameter© without stress,. , 7+ • - 
concentration. ©’ . ./
Pof a. 1-inch nominal diameter, the peak .stress under ©the . 
above loading then becomes 5.1B, as opposed to the stress of 
1.272P under purely radial loading. It follows that Mode B 
failure must not occur at a pull-out load less ©than 4K times 
the estimated radial load .during running, -where K is. a suitable 
load factor. . • >© Y /©Y”
The radial load on the 24-inch wing root is :about 0.1 tonf
at 4-pole speed' and 0.4 tonf at 2-poTe speed on 50 cycle, supply;
taking K as 2, the corresponding.Mode B failure loads must be 
at least 0.8 and 3*2 tonf respectively.. On©this basis, all the 
recorded Mode B failures indicated adequacy for 4-pole 
operation, but none for 2-pole speed.© . ©•-• 0. -/•©
. The relationship between Mode ©fir• .
failure and combined loading is more complex. 000-+V
Referring, again to the effective ’axial flow* section©'./.;
defined in Pig. 141, the moment M- will produce a maximum ■»
tensile stress at B, and the moment M will develop an 
alternative maximum stress at G.
Thw:. first case gives:-
<3 © -  +■ (o-3i-o-4)P*e iJ » w /.;<
BU) |.|gr . 0/7 00 \
so that with the same assumptions as+for the
point A under purely axial loading, the axial, stress, at B. 2 - • . '0 ■ .  1 0: - . • ■ . ©'becomes 2540 Plbf/in compared with the axial stress of 1 200 P
at A under radial loading. As far as Mode ©D' failure,. i'niti©at:ed at
B is concerned, this means that if the tensile strength at B
is taken to be the same as at A, such failure must riot occur
at less than 2.1K times the radial load .when runningyY; 7©
. The second case invoves bending about AB (Fig.141) iaridbthe
relevant value of Z becomes 0.148 in^ , so that
The ratio of the stress at 0 in the presence of M to
the stress under axial loading . is ©therefore .©1?.§4, so that
j
M
Mode D failure initiated at G must riot occur at less"than ‘ - 
(say) 1 *9K times the axial load when running. / • .
The- 1 imiting loads f or Mode D failure at \£ and G/hare/close 
enough to each other to permit .the generalisation that liOfle i) 
failure must in no case occur at less than' 2K. times the* running 
load. 45  •? / 4 -A • • - - I , ; .
■'g/ A . 4 4 / /  I * It is now convenient to. selecty 4 *
.results for various groups of 24-inch wings and compare them 
With the requirements for 2-pole and 4-pole running on 50* c/s; 
the comparison is set out in Table XLVI. ■ -A . , - 4 a' I
TABLErXLVIGGMPARISONiGE / TESTqAND RUNNING LOADS - IN 24-incli A
;Apae ::. '• * At f : ■ A 4.; .; ;vA: UINGB *
Failure Requir ed Pul 1 - Gut. AMeasured Pul]L-Out: Loads 4- -'-aAA';A - • ■ *
Mode'. 5 Load (K: = 2) tonfv A/-- '-tonf. a a a 4/4? ■: ■'/? 4/4'' j
A 4 ; '; 50 c/s -supply ; " Mean Max Min , A Specimen Group/? ;
2-pole 4-pole '
a ;. • 0.4 4  0,1/.,,’ ' “ 2.5 3.6 1:.* 6 4 All rolled charges {
B.. -y 3.2 ;y A 0.8 , . 1.9 .3/0 1 .0 All glass-ueinfor.eed.
0.4 :: o .ifa:;v,// /: 1.? 2.0 0,8
< III O i l  v L C l J . S > '■
-All random fibre nipt
D ."4 .4 0.4 * . 1,9 >3.2 0.8
. mouldings - i ; 
,. .. All glas s-re inf ore ed
■>a:- ■-' .A ' ; :;;\,/ ■ mouldingsA/ 4/'• • , \_*
’ A . /• ' • '.44/. •. f: A It is/seen, from Table AtLVI; thatv all ' :4
the - moulded wings, were: strong enough^  X-or/ -both--.' speeds?:-±n]YhpsC.•-v*'j 
parts of thermoulding affected., by failure typie.s. A.and Q',4j4e4;
, ;xn the. root, pin itself where bending wbs.'• not:-::expe^iericed\-';;W.hxie 
running. In .the B and D zones, however, while. all mouldings ~ . : 
were adequate for 4-pole speed, none of these susceptib 1 e to : 
B failures were strong, enough for 2-pole speeds-, and only :about ■ 
three quarters 'of the mouldings failing by Mode D were adequate A 
" X- There is clear indication of the need to As t r a ighten4 outf 
'the flow through the fairing shoulder and-into the wing.VA4-. 
junction,; possibly by -removing the fairing completely•> this will 
be considered in more detail following analysis of the 48-inch 
' wing test's ;• "A- ■' A 4. -./ /fa’fav/'A ; Lvfafa/l- '
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©• ; 25.5* Analysis of 48-inch Wing Mouldings. v; 7 7  •
'■©..©'' © '©.+©©©' ©. Only f ailure : modes A and D were
observed in 48-inch wings, -. which are therefore analysediunder 
these -two headings with a further section on bending effects.
■ 7.i;/ 25.5.1. .Analysis of Failure Mode A . '■©.'/;© ;, ©-©
;i©/7■■ • If the idealised failure model .
postulated for the 24-inch wing in Fig.139 is applied t o/the \ 
48-inch wing with an.interlaminar shear strength of 2 800 lbf/in! 
equation '(2 9 0 ) gives a failure load of 5-9 tonf, taking L and d 1 
os 1.0 and '1.5 in respectively. This gives good .agreement with = 
the strength of the production •:wings of the- Series 2 tests, 
for •whic:h:;the average Mode A load was: 5*5’borif -with maximum and j 
minimum values of 6 . 7  and'4.5 tonf respectively. It was©Observed© 
that.the 48-inch root ends tended to pull off as complete cups I 
more, readily than did those of the-24-inch wings, the .detached © 
cups:having a ©fairly thick base of 1 jumbled * structure. .This 
would'/©imply that L could b’e less than 1.0; an effective value’ / 
of 0.9 in.-would bring the theoretical failure load,down to
5.4 tonf. © -.©’:. ■ .©■/ . j •.
. • • ■ , ©• 1
■’ ' 2 5 .5 .2 . Analysis of Failure Mode I).©•■•" , . 1
■ . ©/"/■■ ©;. +,./ . ■ Only 9 D-type failures;- were recorded
f or the ©48-inch wings tested. Of these,' 5 occurred due to bond 
failure in the pads, causing a sudden large eccentricity of : 
loading,©and;only 4, - one in a laminated wing, 3 in production : 
wings, - cpuld© be regarded as-true;.Mode/;D failures©in/the/.pbnse 
that failure was initiated’ at the junction between;the©fairing 
shoulder and the root chord. Comparison with; .analysis can only 
theref ore be tentative . © ” . ’■/■■©■'* 7  / / ■ ;
0 - ;, +. The basic structures and flow patterns
in; 24-inch and. .-48-inch wings are sufficiently similar for//the 
same, basic;failure model to be employed, but/the 48-inch/system ) 
differs from that defined in Fig. 141 in having -the principal 
dimensions increased by 1,4, and by having the root, pin axis 
displaced to the centre of area of the .intersection plane so < 
that the axial load causes no bending. The effective ©axial
flow' section then becomes an ellipse 2,12 in by 1.5 in, for
’ 0- . ... .... p  , 1 : , . Awhich A = 2.5 in and the relevant values of I are: 0.70 in 
and 0.35 in*. The ‘axial ©/stress at A or B then becomes 0.4P 
tonf/i'n2 ; if 45° obliquity is again assumed, and if the larger 
scale of the system is taken to permit reduction of the stress 
concentration factor from©,1.3 ;to,. -say, 1.2, the true axial 
stress at. A: becomes 43pP ':ibf/in2 . Failure at 2 000+lhf/lh27.
- - : 315 ,'/<:,> '4. /4.;y ,:44 >.••.4 /^;/.;/ TO • /.yy /.y", 4  4.TO-YYV.: 4/4,44:TO TOthen requires a load P of ■ .4*7 ;tohf,compared . With observed TOy-:
Toads of 6.0, 5.4 and 6.0 tonf for;-the three;, reieverityproduction
wings• The theoretical failure load is therefore again , of
the- right order but rather low, as ( it wasTO friryihe 24-inch wings .I
In both cases, so .many assumptions have/been TOlecessary in
the analysis, thatyonly ah exhaustive serie's((bf Atests Yith;;/ j
'suitably varying moulding structures could establish the
precise cause of the observed discrepancy.' .TO '• ,(4‘* ’4/
25 • 5 • 3 * Bending Effects in 48-inch /wings . (- TO TO4/ ;• '/ .
TO . TO : . TO.. Referring to TONig.119?-.'fan rotation 
at 4-pole speed on 50; c/s produces approximate'TOloadb /.(-/.•' I
p =+1 .6 tohf 4 M - = 0 .34 tonf-in = 0 .212P, lvl TO= 0 .125to tohf-in j
= 0.078P. • ■ ' '-7; TO;/:. 4 .-“to - p. ■ .. ;Y (44 -Y/.- ■Yv&Y.y
'Under this combines: loading, The • axial1 stress ,-at 'A. in . j
the'-'48-inch system equivalent to the 24-inch geometry of. Pig. 141
becomes 0.52P, as against the. .axia 1 .pu 11 - out -value, of 0 .4P ;- 
the minimum test; load is theref ore.;1.3K/ tinihs the radial load -j 
under running conditions;- 4 . ‘ .4. ‘ "7 TO-'
Similarly, the '1 axial1 stress at O' becomes O.85P, so that 7| 
the test load threshold becomes 2,IK ' times the running load* ■ . 71
: •: These limitations:apply to Mode D
failure. For Mode A the corresponding factor is simply K,. and |
the same(would apply (f or Mode C although (this type of failure 
was not (observed in any of the 48-inch wings. ( ' . • ;/;•:>• TO
Mode B was observed in the dummy wing mouldings- and has
been analysed for axial loading in section 25*3* No: clear
rnechansim for failure could be established; (but if, takingf, 
the worst case, initiation of failure is assumed to occur 
at the minimum diameter adajac,ent to the inner .end of the 
fairing shoulder, the above moments., will raise the tensile 
stress, at the perimeter of this section to 2.3 times its, ; .•
axial-load value, so that the minimun test load is 2 .3K times . 
the running load. TO’ • (4 • . ' TO ■ •(-...( ‘ 4- . :
Observed and required test loads are tabulated in Table:XLVII 
for 4-pole speed on RCMc/sy-only, 2-pole speed being clearly 
inadmissible for this impeller..size/TOusing composite components.
The table indicates that all the tested product ion wings 
were adequately strong/.as far as Mode A failure> is concerned. 
Modes B and 0 were observed only, in .the Yummy wing mouldings/ 
which were found to be acceptable for Mode 0 but weak for B. Ko 
great, strength could be anticipated-in these mouldings, (however, 
as they involved only random, fibre mat without parallel * 
reinforcement. • TO;--. .4 4 YtoTO-;TO • 4/-TOTO.
' ' :-'/-AAAy A1 yl At:'2/4/ / C * 'A 316
TABLE XLVII. COMBARISdN QE••TEST
i . A;!KN,/48-inc h ,WTMGS „/ . 7.4 c yy/4 . 1
Failure
Node
Required Pull-Out Load (K = 2) tonf.. .• measured Pi t onf... , -all-Out Loads . 4 A?'.
50 c/s, 4-pole . ';-// . he an /Wax? /Min 7 / Specimen? Group .
A 3.2 '.4 y ■•6/7 3.8 All. Series 1, and 2 
: / /  .4 ;  wings
B 7.3 ‘ 7 A 3*9 /5,Q a 2,5 Dummy:wing m ouidings; 
random mat only. :
C 5 • 2 A * 3*7 a! 4.1 ?3/2 Dummy Wing mouldings; 
random mat only
D 6.7 8.6; 8,77. '8.5 : Series 1 Wings
4.7/ 6.0? 3.2 Series- 2 Wings
; . „A 4.6 . (3»0 4.1 Dummy ■ Wing mouidings;
•-A ■?-;/ random mat only.
Consideration of Mode D failure reveals adequate strength 
for the laminated 'experimental wings./ /but1 the . produc.tipn ' v/ings | 
and dummy, mouldings ;are/uiot , sa.tisf ac;topy. Some/of the apparent 
strength deficit in the Series-: 2 production wings may be 
(attributed to .inadvertent eccentricity in; the loading mechanism 
during testing, particularly in the case of specimens 25 to 27 
with their- exceptionally low recorded strength, ■ The;-average 
D-mode’ strength of the remaining Series-"2 wings was 5.8 tonf i
which, though still not up to the stipulated > would, give
a safety factor of 1.7* "-?• ? '4
• ‘ While bearing in mind that they A A ;
required strength values are based upon pessimistic analysis 
with a safety factor of 2, and may therefore be;..regarded as 
unnecessarily high for components for which.the running loads 
are relatively closely defined, it is clear that for the/;/. A' 
48-inch wing, even more than for the 24-inch unit, redesign 
of the fairing shoulder and' adjacent structure, is essential.
i
general conclusions regarding the experimental and'analytical 
work of,:the. precedingiY-sections,©/and to construct©possib 3^ ©' 
procedures which may be followed in designing components.; 
specifically for .hot compression moulding. ;©.©; ©+<©. :•.+©/•©+'©
It-, will be useful at this stage©to discuss in general terms 
the trends indicated by the three sections of the thesis, 
before attempting to relate these, indications to each otheri .
26.1.YMechanics of a Fibr.e-Hatr.ix.'System. •© k.
©:©v.Y.;: In this part of the; .thesis , simple
analysis was developed to express approximately the mechanical 
behaviour of idealised basic systemsv The©primary©intention was 
to develop the illustration of©stress , strain and fracture©1© 
mechanics :under; selected loacting©conditions, and a relatively 
modest level of ©accuracy was felt to he acceptable in view., of 
the ineyit.ab 1 e* variabi 1 ity of true properties developed under 
commercial moulding conditions . Gompar is on ..with analysis < 
simi1arly;based up 6ri simple models by Corten, Shaffer, ’Krenchel 
and J one s -indie at e s reasonable ©agreement, though the work of 
Krenelie 1 offers considerable deviation at higher fibre contents 
due to oversimplification of distortion systems. '©.hr ©/;7.■ © ©
It was© noted that analysis, even with©very simple systems, 
became■complicated when dealing with effects in-’the plane norma 
to' parallel, fibre axes, and that theoretical/ behaviour in this • 
plane ©was.,; considerably affected by © small changes in geometry; 
this is illustrated, for© example , by the Foissoil’ s ratio© and 
stress concentration curves of Fig.27♦ ! it was felt approrjriate 
in such cases to plot envelope curves based upon standard 
values and re-express these curves by appr.oximate numerica 1 
expressions Incorporating constants which could be adjusted by 
reference to test results; this would permit ."approximate. ©7 • 
prediction, o f sys tern properties f rom, t he m e a su red p ar am eter s 
of similar©systems having :diff ererit-: compositions.
•©;;,; ■ The. greatest difficulties were encountered in formulating 
failure mechanisms , •particularly for the i n t er I a m i nar shear t. 
case which plays such a prominent: part in most practical system 
Only a general indication could be- given of the ways in ©which 
failure develops, and it©was found necessary to admit the large 
effects upon failure ©of purely local imperfections without 
entering into detailed analysis of such effects; this, ;©kk©was©
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: felt,/would have carried the . analysis beyond, the; pr.edominantly 
illustrative scope of the intended treatment. ■ rYTOYM/M
\ A component designer could not 
expect t o rely upon TOthe formulae developed in this parthof the 
thesis for complete prediction of component •.properties; (the 
accumulation of errors due;' to differences between the moulded 
structure"and.the idealised arrays' of the/ analysis would be 
prohibitive , even if accurate mechanical ''proper ties were ’ 
available for the constituent fibre,/and matrix materials. The 
expressions offered would, however, be of use in selecting 
standard materials and in arriving at.-suitable lay-up /geometries 
before appealing to test figures on standard structures as a 
basis f or more detailed .stress analysis. ., . .' / .
26.2.. Measured Properties of Moulded Composites.
- • ; E For /the second part of the thesis.,
specimens using standard structural geometries were moulded, 
without excessive regard to laboratory-type process, control, 
and tested in sufficiently/-lai'ge groups to offer an indication 
of the degree of variation to be expected under commercial 
conditions. These ‘effects were to some extent exaggerated by 
the use of: small specimens moulded from different batches of 
material having the same nominal composition.,-' • TO4toaTOTOyTO.
The tests offered approximate stiffness and/ strength values 
for a limited range, of standard materials .in different ...TO ' 
arrangements, facilitating possible design work based upon these 
structures; the same results permitted assessment of>the — 
applicability of some of the analysis of the first part . 'It is 
unfortunate v/ith regard to the latter that the tests- were mostly 
confined to a single fibre content, while curves for'• mechanica 1 y 
properties had been .predominantly derived on a basis,/ of. 4 
varying fibre volume fraction; this severely limited)the g;, 
range of comparison available. Since the/ programme was:basically 
concerned,with, the - design of compression-moulded fan components 
from this limited range.of proprietary materials, however, 
changes, in fibre content could not conveniently be.introduced 
without: widening the scope., of the investigation to a possibly 
.prohibitive extent.'/ /.• ■( y =/(.'•' Y-
Alt/was; f oundAiri: tbe^ tpsts' that/ihegrea test./variations:, both 
from the. experimentai mean and/from the theoretical/values 
derived in; the, second Part , occurred again in"(tjae:/systems/i •' 
most signif icantly .affected- byAsmall/:(changes in Age ome try./arid 
by ideal • flaw colonies; this wa^ ;?^ rticularly]:ilnie/:ik>r;A^ e^ .ing 
jin the plane normal to the . fibre axes, ,tand-' 1 or’:shear loading 
in general . A/more rigorous analy tical tr e atment.c ould /be y  
expected to produce reasonably Accurate results for specified 
systems, but this would have. no - value unless? these systems 
could be reproduced in practice ,. and this • 'w.qUld';.‘Qal;lj•for.A':./ 
extremely close quality control. ./For. c qmmef ciaiApractice; /it 
would .seem .preferable, to design, as far as possible using rA. 
structure geometries where these. 1 woolly.', loading modes would 
not carry significant stresses, and basing stress analysis 
upon pessimistic failure values obtained by?• numerous specimen 
tests.. ■/,"' ?? 4/ # •/.•'. A; . A'/?-'-' • / a’/?.-;'
? Whatever the tests, in this section 
of the programme may show, however.j it is still necessary.to 
have design expressions bf•sdme .sort,.and these; have/been 
derived by empirical: modifications of the. relevant; theoretical 1 
expre ssions., -in the light Ao.fwhat ever 'Inf prrn.atibnA was.; (available i 
One or (two •cases defied. rationalisation (in this; way; the ?■ 
measured coeffi'cients'- jpfyexpan-s;ibh', f or example/, /could/? not; be 
brought into line v/ith the theoretical values: unless drastic;. 
assumptions were introduced, and it appeared that considerable 
errors may have been concealed in the test method'./'Similarly, 
the shearing test results?precipitated a great deal of guesswork 
which could not be adequately-processed with tie limited test 
information xeroduced by the rather crude apparatus. . .
In, general, however, it may, be-. c 1 aimed ^th.at.; theoretical 
characteristics for the most important loading modes, -/tensilej 
oblique loading of parallel and’ cfossed-fibre systems,(a'nd.-tejhsii 
loading of random fibre laminates!in the .plane of lamination, - i 
could be reproduced with sufficient accuracy to ?jus.tify the 
use of derived semi-empirical.expressions in, design, while the 
measured characteristics of .systems for which no adequate theory 
was offered could be applied withappropriate (caution. ?y
26,3. Design of Compr.essipn-Moulded Fan 'Components .Ayv
A: / The third part of,(the .thesis'.has : so 
far listed the results of numerous tests on moulded fan wings 
and some associated ‘special1 mouldings, and made some A?/ 
assessment (of the relationship; between .measured/anl/predicted 
values?fn; selected areas?of investigation. :
' ■ . , "  *.; ©- '- ■ /  - ’ ' ©
•2+77Ali,'the- wings were© moulded -by Geoffrey Woods Limited/iri 
Colchester, and complete.;-information ,011: the mouding process and 
charge structure was not always available. Additionally the 
structures©were determined, principally on.a ©trial and error1 
basis, by Geoffrey Woods Ltd .©and moulded in '.odd batches : 
between production, runs. It was not.found possible;',., f or . 
administrative reasons',-, to specify charge structures and have 
these,'moulded; test analysis must therefore be based upon a 
considerable arrange of effectively random arrangements $ 
frequently with only two or three specimens being moulded,*of 
each type .5 • © •- . .-/\Y©7© ©’.©'' • ••©••.. .
Comparison between theory and test 
results has therefore been possible only over a very limited 
range, considering©the l.arge number of tests which were 
carried out; it is also to be rggretted that there was’;.no time 
to develop apparatus for combined bending and radial loading 
of the© wing,e so that analysis could hnly be applied to the radie 
pull-out system. ■; • * © ’ ' ,-•©.- ■ -7 ..©©/ ';•©©©;//
©'©.©©Radial pull-out had been developed as a more or less 
standard test prior! to.the establishment of. the test programme, 
and it©is felt that this in turn -led to a false emphasis on 
the observed modes of failure. Most© tests© on production wings 
induce failure by Mode A, in which the end .of the .root pin 
separates as a cup due to annular. shear., and this, had therefore 
been, regarded as the principal weakness of wing©mouldings. The 
analysis of 24-inch and 48-inch wings under hypothetical, 
combined loading in sections 25*4*5* ’© and 25*5*3? however., .,.- 
indicates that .all the wings tested were adequately strong as 
far©as Mode A failure was c oncerned, but would be likely to 
fail in the region, of the, fairing shoulder under combined peak 
loading while: running. ’ © ;©©• -\© ’ ©" . ©•, '
Analysis shows that the Mode A strength may be.predicted 
-with reasonable accuracy using measured values of interlaminar 
shear; the fairing shoulder ,©■ however, and the large change in 
section at the root ., pin/wing junction, ©generate an extremely 
complicated flow pattern which simultaneously weakens the wing, 
increases scatter in strength values, arid makes theoretical 
-•/ - ana ly sis 'difficult to apply with any confidence . In these;:f- 
©respects-the design©ofvthe Geoffrey Woods' Wing is far from 
; satisfactory,?'arid alternative-design approaches’ will be 
; discussed in more detail in the following section. ■ ■
.©CH
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27• Design of,a Modified Fan Wing. , K t
• 44.(4)/.;: ’;4 " " 4 : In this ;sec:ti Qn\(/priricIples;: of:fiEy. ;'
design will be proposed, and illustrated by an assessment of • 
the existing 48-inch wing,- followed by suggestions for. (
. imptoving the., wing shape and moulding’ structure within the 
context of commercial practicability. -4. ,  TOYY ' TOV':-
27 .I «■ Principles of Design.
27.1 .1. Material Parameters. -TOY/ ■/ TO
4 . 4  •: . In general, the mechanical: to: 4TO-TO 1
charact eristics of a given fibre-matrix 'structure in the v f -4 ,.*j 
moulded condition, may be assessed in four ways:- -4 v 5
.; ,/■ (a) using; basic theory with inserted values of fibre-,4+ ■ . j
and matrix properties, ' • ■ -,4 ■.;/(-£ ,to;.TO: •- ‘4 •4TO4TO4 .TOy i
. .T O  y” 3 (b)' Using values for basic systems quoted by the manufacture 
- of the:material to be used, :V ( ,4- ;
TOY (c) .:by testing simple, mouldings of standard: .structure/: and TO 
4(d) by testing prototype mouldings of the finished(/44 . \
component TO'TO., 4 * . . .. . TO- , '3-TO;iTOY$y
4 'TO44. .4;_- .y.:, ,. y to- It has been shown that theoretical |
analysis /is. (possible only for ideal systems v .spTOtlTOhT YhaTOyyy ' |
accuracy of any such analysis depends upon the .extent -to ' which 
the ideal system may be reproduced in practice•/. It is possible,5 
;,by means of sophisticated fabricatibnyand'control TOtechhiques , i 
toTOachieve relatively - regular arrays, as Yn filament :winding,TO 
and correspondingly sophisticated analysis may then produce 
characteristics close to observed values, IriTOappropriatply;:"'' 
controlled loading conditions; but such relationships can only ; 
beTOUsedas a basis for practical design when expense is of TO' 
little importance in the. context of the project , coririerried.TO 
4 : I'bro norrnal commercial practice, basic .theory cannot be used 
t o  predict with any useful degree of accuracy the,properties of 
the finished component, unless the latter is of; extremely 
simple form; some measure of correspondence mayybe expected 
in systems based upon axial loading of parallel fibres,; but 
as soon as a loading pattern is involved which depends upon f 
transyepse loadingy and hence upon the array geometry, there isf 
a sharp loss of accuracy* In more general terms,TO loading TO
(arrangements in which the fibres carry,most of the load -have 
more readily predictable characteristics(than,do those in which/ 
the matrix has to do a lot of the work. ,.TOTOr(■.(;■ ’ ’.-TO., TO TO, y. '
.(4 TO; Basic theory does, however, have two applications in TOM . ■ \ 
commercial design;-. it may be used! .'.;TO :-=TO(;,( ; 4. ' £4 •(>-yTOTO/vTO -4.,. •
(i) to indicate the probable characteristics of given
fibre-matrix combinations with sufficient accuracy for the 
purpose of selecting suitable commercial materials, and
(ii) to show qualitatively the way in which strength and 
stiffness vary with structure and mode of loading, so that 
the design process may directed towards the avoidance of 
undesirable, local characteristics.-
Both these applications have increased validity when the 
basic analysis may be corrected to some extent by reference to 
the measured:.properties of known systems.
Material parameters quoted by
manufacturers may only be used with confidence when it is
clear that the figures quoted refer to mouldings made by. the
process which it is intended to use sn the component being
.designed?. In practice the relevant moulding parameters are
seldom quoted in detail, and it may usually be assumed that
quoted test figures refer to specimens prepared and tested
under controlled laboratory conditions, giving values which
may tend to be optimistic in terms of. commercial conditions.
In the test series which has been described, for example, -
none of the random fibre tensile test pieces achieved the! 2manufacturer's quoted tensile strength of. 12 000 lbf/in ; the2highest test strength was 11 670 lbf/in , and the average 
9 700 lbf/in2. . 7 '
Manufacturers' figures should not, therefore, be generally 
used as a basis for final design without assurance of 
compatibility in the moulding, processes involved, Such figures 
must, however, be considered when making material selections, 
and may be used for preliminary design studies where these, 
become necessary for selection j)ur;poses.
The best indication, for design 
purposes, of material parameters is given by thetf.esting of 
selected simple structures using the proposed basic materials 
and the probable moulding cycle. Such tests -on, for example, 
parallel fibre, crossed fibre and random fibre systems - may 
have their applicability extended by judicious use of 
,emx>irically-corrected basic theory so as to give . an adequate 
..property spectrum for design purposes. In the test programme 
which, has been described, strength and stiffness 'were ' 
measured in tension for these structures, and strength only 
was measured, rather crudely, in shear; a,more sophisticated 
test permitting measurement of shearing modulus and of a 
more clearly-defined shearing strength-would have been of 
considerable value. Further work on linear expansion could 
also have.led to possibly useful data on shrinkage.
• © The - applicability in design.©of©creep ©anql©f.atigue .tests ©_ .
upon simple specimens is questionable , other than as ah. ''©7r/. 
indication of whether these phenomena are likely to have 7 7  
a significant©effect in service. Both modes of behaviour are 
: so.greatly affected by structural geometry, that assessment, can 
only become effective, in terms of tests on the ©complete©;© '©/ 
component. © +©■ ' ©77’©7.;©- - '-7 ■ 7. 7‘7:. U+©-7V
: • Once the steel dies for the ©■••©--©■'
compression moulding. proce.ss-:haye been made-,- using a geometry 
determined by consideration of the factors described above, 
no;further significant change in the form of the■component• 
can -be contemplated excbpt as a last resort. It is important,
■ therefore, that the geometry should offer' the most direct ©•:;* 
possible application of the measured and predicted properties 
of ;the constituent ,-materialsby avoiding -sudden change s-in.- . ©
section, sharp internal radii and narrow passages. The extent 
to which this.philosophy may be applied depends, of course, ' ©
upon the.function of the : c omponent,© and in .the case of a .fan 
wing the final shape must still he somewhat unfavourable.©in 
many respects* The final distrihutionGbf structural properties 5 
is optimised by tests pn the moulded prototype with varying • - 
charge arrangements; there is a temptation to ' work through-' 
this- stage on a trial and error basis, but -the. process rnay1©. . :
generally be shortened by a relatively superficial stress </ , \
- analysis based upon the observed::- flow patterns in the ./test©© 
specimens, leading to ■:recommendations for suitable charge:©'
- modifications;' • ©7;7©: ©©7;.© ■ '. . 7©-77:V! © '©’;- © ' . ©
27*1*2. Stress Analysis in Design. , © .••' v V7©
;/,©. 7 7 © From " what has already been said, it
- seems clear that, a high standard of precision in stress © •
analysis at the design stage, is neither©:possible .nor; : . ;/©'!- 
particularly necessary; .the flow pattern cannot be predicted ( 
very .accurately, and will vary - s u f ficientl y in -nominally©,/©©:, 
identical mouldings to .generate . considerable' variation ; iiT©' ‘ * I
stress distribution and overall properties, while the, analysis j 
of all but the simpie'st; idealised *struG;bUres-‘. becomes 'complex -to j 
a prohibitive extent. • ■ ■* - :-•©© © . ©©■©©©©-/ - ©
©Within the context of commercial moulding conditions, -this | 
situation tends© to be 'aggravated- hy attempts to match' the - i 
structure closely to ■ the anticipated©;btress flow;‘ the increase j 
in complexity©introduces'-'anfaugmiehted variation in properties- \
which;:©may neutralise the . apparentygain in- p fFee biveness , 'while J 
the or el i c al,. predlc t i on -of - propert i e s b e c ome s! /more- h a z a r d ou s v 7
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The most effective design procedure should therefore 
be based upon the simplest possible- structure, permitting some 
confidence in .strength prediction, and postulating a charge 
assembly which will minimise the degree of.flow, and consequent 
structural distortion., taking place in'the mould. At the same 
time, some correlation must be introduced between the probable 
• load-transfer paths and- the associated orientation and density 
of reinforcement, and this again requires the development 
of component profiles which avoid sharp changes in section and 
other local stress-raising effects.
27*1.3. Charge Design.
For effective component design,
the mechanical design of the shape is inseparable from the
determination of basic tool form and the'establishment of an
initial charge assembly. In the most general case this would
suggest a possibly, embarrassing degree of latitude, but in
the majority of practical exercises the shape of the component
is to a large extent determined by extraneous factors, as v/ith
the fan wing discussed in the present treatment. The. shaioe 
*restriction in turn imposes limitations upon the scope for 
changes in the mould design: the fan mould, for example., 
has a parting, line which could not be placed anywhere other 
■than along the /plan: profile without prohibitive inconvenience, 
and charge design is then regulated to some extent by the 
flow pattern generated through the -parting location.
It has already been suggested that the charge should 
conform fairly closely to the moulded component shape, so that 
flow during forming is minimised. The structure v/ill then 
be sufficiently controlled by the charge assembly for stressing 
based upon charge structure to have significant accuracy, 
and scatter in moulded properties due to changing flow patterns 
initiated by small .charge differences will be reduced. It has 
alfso been observed that extensive flow, particularly through 
narrow passages, leads to pronounced: fibre segregation; the 
matrix flows more readily than the fibres, which are left 
behind with insufficient matrix for adequate bonding. The 
resulting fibre network entraps air forced out of lamination 
gaps as shrinkage reduces pressure, and further shrinkage 
causes the fibre-rich ar/eas, weakehed by these air inclusions, 
to open oujr into r-spongy/ zones having no significant strength.
It has been argued that a large degree of flow is necessary
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.in order, to carry most of- the entrapped air to the perimeter . 
for expulsion in the flash; and to distribute the remainder 
evenly through the matrix rather than leave it in stress-i'aisin 
pockets. The flow necessary to achieve the first purpose would, 
however,. virtually destroy the structural geometry;,vv/hiletthe 
postulated development of internal air distribution is, as 
•already indicated, contrary to observation.
It is therefore necessary to minimise air content in the 
charge before moulding; almost.all the air present at the 
beginning of forming will be retained in the moulded component 
if flow is suitably minimised.
Air expulsion from the charge may be effected in three 
stages:-
(a) pressure application during charge assembly, possibly 
by rolling laminations togotheraas theyd^ re added to the stack,
(b) cold forming in a mould similar to the main system, 
but using low pressure to.reduce possible fibre damage due to 
the lack of matrix mobility,
(c) precuring, again in a mould, using just sufficient 
pressure .bo maintain the shape of the charge.
Of the three stages, the first is 
the most important; large quantities of air present after (a) 
cannot be significantly reduced by either (b) or (c.) *
Stage '(b) is not particularly effective for air expulsion, 
because the fibre damage limitation prevents the use of high 
enough pressures, to move the air.about; if not followed by
(c), however, it helps to standardise the structural geometry, 
by ensuring that the charge fits into the mould in the same 
way every, time.
It was not found practicable•to investigate the effects
of stage (c) in the present programme, but use of a 20-minuteo -precu3?e at 123 0 was found by Rolls-Royce to break up air
pockets in epoxy-based wings similar to the polyester-based
Geoffrey woods wing, and a similar process might be effectively
developed.. Rolls-Royce claim substantial air expulsion by this
method, but experience elsewhere suggests that the air is.*
more probably redistributed in very small inclusions in the
manner erroneously claimed for large moulding flow., as above.
The distribution of basic materials 
in the charge is obviously a- function of the property 4 
requirements, and can only be discussed in general terms to a 
limited extent; experience in the test programme which has been 
described, however, suggests that certain basic principles 
should be considered. * . 7 a
;iTefaprihcipai modes of weakness > are represented Ty/??!'! .- * 1
matrix shear .and lateral tension; the former includes interlaminar 
shear in the matrix layer separating composite layers, where the 
inherent weakness of the matrix may be increased byAthe/presence 4 
of: trapped airand shear in the inter-fibre, zones ;Of .a. parallel . ' 
fibre system. Suchishear may, even-dn a locality not. subjected 
directly to shear, inhibit the tensile strength of the parallel 
fibre array by providing failure paths to connect staggered fibre 
fractures , as indicated in .Fig .101. 44V444.; - ; ■ /( A
Lateral tensile failure seriously weakens theAstrengthAof 
parallel fibre systems under oblique loading whenever the obliquit 
exceeds about 12°, as shown by Fig.106. Its effect is masked in 
crossed-fibre systems by in^ plane and interlaminar shear. ?;t ■ !
mechanisms,..giving the envelope of Fig. 112; the;.(critical/ angle the 
approaches 20°. ' . • " : • • I ' /-///
iIt therefore seems unwise to use parallel-fibre arrays.
arranged with-'all fibres parallel in a significantly large f .
cross-section, because of the weakening/ effects of interfibre 
shear and transverse tension. The former leads to considerable 
strength scatter, even when the fibres are/truly aligned with the 
stress: axis, while the latter.reduces strength: drastically; if the 
fibre axis deviates slightly from the load direction. Better 
stability, without significant loss's of axial strength, is obtained 
by.using crossed-fibre structures with the parallel-fibreAAxes ■ j 
of alternate, layers inclined at, say, 15° to the stress axis. • ;
Where a complex stress field exists,: strengths/consistency 
may be best obtained by using random fibre laminate, rather than * 
by attempting to meet the local requirements; exactly,- by /* 
sophisticated -lay-ups'. Apart from the increase in labour cost 
involved., such structures are more sensitive to moulding flow, 
and'the increase in average performance obtained .may be.totally 
neutralised by the corresponding increase in variation*. ■ :
The Geoffrey woods production ..wings use cloth facings j
on the moulding charge; this has little effect on strength, 
but prevents the development of resin cracks; in/;the surface of \j 
the moulded wing in service. Such cracks,-while not immediately- \ 
dangerous, give a false impression of incipient failure, and may ] 
also admit moisture to fibres near the surface to. precipitate 
local debonding. A?:. 4 \4.,
While the treatment of shrinkage effects-in the foregoing' j 
sections has not been particularly, successful:, it .has served to 
indicate that shrinkage is much higher 'across the. grain' than 
along the fibres, and this may need to. be borne ip; :mild/ihv;certain 
applications..';// * ."•14 '}■./'///©//‘tv7aI-*'////fa{Z <1
•%> t Y  ' ' * *' . 5 “" 3 2 ?
; • • . TO, Min the an' iwihg, for. exampley shrinkage , 011/, the.; chord/ ( - 
thickness causes waviness in the} surface.;; / this ! is particularly-... 
noticeable; (towards the. trailing .edge ,(where flow/using (theYMTO ' 
conventional p.roduction charge, causes fibre segregation/wild;4- 
alternating 3areas of resin and 'fibre enrichment 0 r • ' 4 / •;( vf*
A rather different shrinkage effect occurs in the. clamp 
. plate%:( ,(Fig. 113). ? where attempts to,, mould the ste.eil- hub' insert, 
directly (into the clamp/plate have (failed because the. high' 
shrinkage .in, the ;thickness.- of the plate breaks the bond between 
the plate and the (insert. YU, • • . . '. TypY
(,Y y d' v Y Y Y V  .44Y Mv' /•' Similarly, the creep experlmehbsA
were/hdt, sufficiently,-comprehensive to be conclusive-, -but (sferve 
tb (indicate, that creep.(exists-. It is reasonable to-assume-((that 
the cheep.'• rate/'will be. higher when more of the . lo.ad - is taken) - 
byhm^ 't^ i'X-, ,fa's(;in. Xba'ding.' across the planes of laminati.ohv /an.d.
;' that ((it (wil la 1 s o; (i ne r e as e with temperature. -This' - .haa(-;ied;(J!q-' 
a problem,, again "in? the' clamp, plates, whereba -f an('hbs('::ruh for 
a -period;(at a slightly elevated temperatureTO Under these'44 :■'* 
conditions the'; thiekhess expansion of the, plates, (increases;(the. 
clamping/-bbitTOtension, and creep occurs locally at the‘ .bolts due 
to - this increased load and temperature; on cooling the .plates 
shrink' again, but., the ( residual creep strain causes:: the; bolts to 
beeome "1 ooseV • ( ; .(.-• Y - . • ■ TO,. .4 .(.'(4= ' (--('(j- .-•(
, ' /(+(; . •N;.o(bther .significant creep .in.--service.;.has' been det;ec:'t(bd) 
since the more prominent load paths tend to bencarri-edhprlmarily 
by fibres. ' v- -4 . > - / ’ ( Y- -
( .(f;(4,M; - "A'-" '; • { Given, (certain basic rules of
orientation, ..as indicated: above, the problem becomes one of 
arranging; an7^ optimumfibre distribution with a minimum of (Y 
expensive ( s bp'hi s t i ha t i on in the assembly of the charge . .4; r -(r- ■*
• 4:4- • Generally (speaking, the degree of orientation controls
corresponds' to the structural complexity of the charge. A \ 
complete preform with the fibres accurately placed may, for 4 
example, be obtained by building up a stack of independently- 
prpf iled/(laminations ih; a registered sequence; but (the (cost of 
such a.process, taking into account wastage of material in 
offcuts, time spent in assembling:the stack, with duecarein 
registration - and air expulsion, arid preparation time (for th:e=4 
initial profiles, with or without cutting jigsy becomes : (-
prohibitive except .in.'sophisticated applications. thbl--ether
end(af :the range , a simple rolled charge of the type indicated 
for/,th.e 48^inch wingYin (Fig.115 is rapidly and easily assembled 
from. ;ebdnomic shapes?'but:-will hot use its} material bo / ;/((£'(. *• 
effectively as the corresponding laminated stack. 4  . •=*
, C : . 4  / f a ' - l f a - f a  - - f a ' f a ; ; /
It has been seen that failure mode A tends to be , ' - /
largely unaffected by charge arrangement, but' comparisbri of/fal 
D f ailure loads f or .the production wings and theia/minAtbd/;;;-; fa-,„
. wings, derived; from Ibe structure of Fig. 125 shows, everagesj/offa-fa/ 
'6 tonf for the :faf or me r and 8-J- tonf for /the;.- latter.
For a range of similar.-components of different sizes] A/ * 
as v/ith a; range of fan wings , the optimum charge system forfaa?? 
given size is the simplest one- which will give the required 
minimum characteristics; as the size increases.so, in this 
particular example, do the strength; requirements, sopthat more//.- 
and more complice ted production methods become -necessary as . 
larger sizes are/developed. Clearly a size must be reached 
which represents the economic limit of development forAtbe/fa A fa 
chosen?materials' and fabrication method, and larger sizes must 
then be considered on the basis of alternative manufacturing 
processes. / . - fa- fa: - A- fafa'4;; / fa;;
27.2.. The 48-inch Fan Wing:.fa /fa • *':;7 / fa?/-/' ??/?’ '
./fafa- 27*2.1. The .Existing Design. 'fa;,-- ' : fa /•;, ;fa .fa?//• ' ‘
A ' f a f a . . .  . . " f a / fa"// The f orm of the existing/48-inch
wing is/indicated in Fig.114. It is, as explained in section 20.3 
derived/from/the corresponding, diecast aluminium moulding,/and. 
the resulting /geometry is not therefore inherently suitable for 
compression moulding. Undesirable features of the design have 
emerged in the foregoing, test analyses, and are collected and?- 
summarised below: - ,. •:;'•? ' /il ' . '■ - ■ fafafa/ .-. .fa-.'/ -
(a) Root Pin. fa/fafa / ’ fa'fafafa/fa/fav//:
; ■/ ‘ fa /. . The sharp retaining shoulder/on < .,
.the: inner end of the root pin leads to cup shear failure/in?. - 
Mode A, due/mainly to the impracticability of getting fibres fa 
to;,follow the joggle of the profile. The importance of this;/.: • r
' weakness tends to be exaggerated by the predominance of Type A 
failures^  in the,pull-out tests; more detailed examination.has 
shown, that strength at/this/shoulder Is adequate for operation 
at 4~pole speeds . (Table XLVII) , fafa/fa/,A:/-. /.fa / •
//" . The ’parallel* part of the pin fails in Mode Cfa/this/A- - - 
onlyAoqcurred in. random-fibre,dummy mouldings, wliere'fait' shill/ 
showed adequate strength, so the diameter • of ’:the root ■ pin itay. 
be taken as' adequate. The/;taper, on. the pin does not appear?/to 
/’serve any particular purpose; in the event of separation: of- the 
end/offathe root; pin, the taper. is insufficient to hoDI/the'fawing 
against/any si.gnif i.cant//radial • 3.oad.,/ and, in running conditions th 
Wing /tip, wpuld'fastrike the casing before any retaining/, force -could
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be developed through radial movement into the taper■*.©© ©©©'-©© ; +
(b) Fairing Shoulder. • . 7\*7©.- 7- '
This is the origin of Mode©B failures," 
the mechanism of which has been discussed in section: 25*3 for 
dummy mouldings using random fibre only. Mode B failures were 
not observed in any of the 48-inch wing tests, possibly because 
failure occurrediat a lower load in an© alternative mode.©+2©
The discussion in section 25.3 and, for the corresponding' 
case in the 24-inch wing, section 25.4.2., shows that, the fairing 
shoulder /constitutes a discontinuity producing drastic loss in 
structural effectiveness ;© this appears to - be due more to the © • ;
'jumbled1 structure produced in the fairing, (Fig.137) than to 
the change in fibre direction entering the shoulder from the 
root pin.- The fairing..serves no purpose other..than that/ of- 
providing-a neat and smooth entry of .the wing root into©the © 
hub:, and>.could, be omitted, without significant loss : in aerodynamic 
efficiency.- • . © ©"2-,©.©+.© ;
.(c) wing Blade.
There is inevitably a large change in 
flov/ direction as the structure fans out from the root© pin into 
the wing, as shown for the 24-inch wing'in Fig. 140; the; '.roll 
axis displacement illustrated in this diagram :does; not/'however, 
occur in the 48i-inch production wing, where the root pin; axis ©
is displaced to approximately the maximum thickness7 axis of the 
wing. (Fig.114)•©■ As far as, the larger, wing is concerned, the 
significant: feature of Fig.. 140 is the sharp internal shoulder© 
at X, which is thought to have been the ©source of initial 
failure in those Mode D failures of 48-inch wings©which©could not 
be obviously attributed to pad. failures / (section 25* 5*2.)
;©,:•+ The/;internal corner is again a streamlining© feature, 
permitting the wing root chord to seat tightly upon the spherical 
rim of the central hub; the local disturbance due to the ' . -v -J
flow from, the flat hub face, however, and the. distorted root, 
chord form at the junction with the fairing shoulder, could be 
expected to render the importance of this corner relatively"' 
insignificant. - - . , , • 1
The 'forming1 effect in the flow is exaggerated by the :V 
use of .the rolled charge, creating- a. path of appreciable wehkhess 
for the failure arc from the internal corner, arid the strength 
of. production wings in, Mode- D is inadequate, as©©indicated: /In © 
Ttble XLVIl by the Series 2 ■ wing figures .©The flbvi©stabilisation 
achieved by lamination in the Series 1 wings is. seen., however, 
to raise the Mode 3) strength by about 70$. ■■©'©© ©:* : " /©© ’ i
The pul1-out te st caus ed s ome fhilure s in the wing.b ody 
further outboard of:the fairing shoulder than the zone covered 
by Mode D fracture'; such failures were, however,. prodominant1y 
associated with /ineffective bonding or gripping of the reinforcing 
pads,, and there is nothing to suggest that failure of the 
installed wing blade might be,possible due to normal running at 
4-p.ole speed. * "
27• 2.2. Modified Geometry.- • ' • * - .".©.'
A modified 48-inch wing geometry 
designed to lead, to more effective', moulding is illustrated in 
Fig.. 142, which should be compared with the origins 1 ge ome try of 
Fig. 114. . • ©•©.
The following alterations, may be observed:- ■ .*•
(a).©'Retaining Shoulder..' ' ' -, 7 " , 7 -7.
' " 0 ' ! © ' Though this was not a /particularly
critical feature of the original wing for reasons which have ©been' 
explained, 'the(outer diameter of the root end has been increased 
from 1.67 to 2.00' in and the shoulder has been faired with a 
radius of 0,.7in. '
Both measures will increase the possibility -of fibre flow 
following the, outer profile, thereby throwing fibres across ©the 
critical cylindrical shear surface, while the radius will 
reduce the-stress concentration initiating fallure in Modes A and
0. -7 ©7 77/;"
(b) Root Pin.-' • v, .‘.©©7'. ‘ ©.©.
The cylindrical part of the root 
pin has been made parallel, v/ith a diameter of 1.50 in, compared 
with the original taper from 1.48 to ;1.42 in.' Thehpin;thus 
remains nominally the same. ’ ’.©.©-,. '/ 7'7,.
(c) ©Fairing Shoulder. © . © - • .+ ,-©.©;:©© "• . .
The, shoulder is omitted, per m i11ing 
the root pin to flow directly into the wing body. The internal 
corner in the profile junction between pin and wing is taken, out. j 
by a radius of 0.5 in, smoothed away'.from the chord plane 
as"shown-in the geometry. © © *
The deletion of the fairing shoulder is intended.to permit j 
direct flow along the root pin and into the/wing, without j
conical sectors or local buckled regions to promote Node By ©-• 
failurewhile .the junction radius will reduce- '-the- probability 
of fracture initiation in . Mode D. ©..,, © ^ ©  © ' -*'©©’©-,■

•v/IrigYBody:*I,; a'/YY)'Y‘4 YYtoY, -.j TO,)'Y'• ’ ’ 
•Yy >).(. Y  Y  - '/E.,;.;4/lriTOthe original.. geombtry;:ph(;Fip’y1;14
the wing trailing edge remained'- xhYh'-'-pibhe-’paral.lei to, 'thb -Yaot 
pin: axis, and theYfcwlstYof: the\.'chord:(piahe -thenTOthrew- -tfteYTbbding 
edge,' downwards.;/; the resulting..centroid displacements caused /' > • 
bending moments under radial inertia load while...rbnnirig. (TOY (to
To .minimise; such/loads, the centroid axis of the new wing 
body:( is aligned as ,fair as possible with the , root pin axisand ‘ 
twisting is 'applied about. this ' axis . • .-..to. • o''’* v :. . ,YY 3
The, plan pr ofile -and individual, sections remain otherwise 
the same as in the t original wing except .at the root < pih'4Unction 
where the *bitbsY( and the -altered f airing lines be.come . evid;eiit>'
In  some re sp e c ts  .the r e s u l t in g  '. ju n c t io n  whe^eY'the;; w i^ y e r itb ^ s Y  • 
t h e : hub is v /ld s s  .c le a n , than., in ; the  o r ig in a l ); b u t , t h is  r e g id h : v / i l l  
d y n a m ic a lly  screened by the  r a d ia l  f lo w  s p i l l i n g  from  the
‘c Y ; ; 332;
be aero amical
hub..face, so.that any local 'flow change resulting from the |v 
hewYge:ombtry; (is- unlikely( to have, any .measurable effect /ohYYTO 
overall per,fofrnance . y Y toyY 7 • (w "'4' . -•'•/((-'TO Y V Y/Y: Y,/; YTOTOto-;
( -Y Y ,. : - 4  Y; - - ,Y(; ' TO3:; r ;8oine changes will he necessary- in
the geometry of the clamp plate recesses housing the new-root ;' 
pin, as indicated in Fig.,14j. ...YTO aY -'. , Y ■ ;* TO (
1 /  TO ' \
■ Y'3'TOTO;-- .
to ! |r 1,1" T
. • -yyf- Y.TO
: YOLD WING . A NEW WIN<3
: /  - Fig. 143. CLAMP PLATE) RECESS GEOMETRY.
' /TOTO;.,;,. T O ; T h e - : r e q u i r e d  changes are (seen to  be
s m a ll; the  in n e r  end o f th e  recess  is  e n la rg e d  to  take  th e . 
new- ro o t  : end,(.(and the;, p in  recess i t s e l f  TOls p a r a l le l  r ig b ty u p  .to  
the  edge o f the-.-clamp p la te y  where th e  l i p  o f the  p e r ip h e ra l;  
a p e rtu re  is  ra d iu s e d  to  reduceTOchafing a n d /s tre s s  c o n c e ilt rh t io n  
when 'Th 'e fw lng/(is s u b je c te d  tb/bendanig 'I.oadsYYY Y Y y YTO. MY - TO.
4 ;4//fa\Afa'?'4.fa • 4 / 4  : ///'fa /g/g / '" : ; fa 333
2 7 *2 .3 * Wing L o ad in g . - 4 /  v -  ‘ /A / ' v4 /4 ;a 4 ’: A?:fa??faAA' /  fa
. A_ : a - The change in  o u te r  w ing1 geom etry .;
to  reduce ce n ti'e  o f g ra v ity -  e c c e n t r ic i t y  w i l l  le a d  to : a sm a ll 
im provem ent in  th e  r e s u l ta n t  lo a d in g  a t t h e .w in g ? ro o t; t h is ? is  
summarised f o r  the  new w ing in  F ig . 144, in  which the  p o s s ib le  . 
a l te r n a t in g  lo a d  has been o m itte d . The lo a d in g  re p re s e n ts / a • a . . 
c o n d it io n  o f in c ip ie n t  s t /a l l  a t 1 470 re v /m in . (4 -p o le , speed 4 
on 50 c /s )  . ‘ , 4  fa'
Fig. 144 ROOT PIN DESIGN LOADS: REVISED ;
48 -inch  WING'.AT 1470  rev/min.
27*2.4. Charge Structure. , ■ "fa *- fa" / ’ • ,
., * * ’ . ... Charge structure design may best
be illustrated by starting, .with a stack of profiled laminations 5 j
representing the system , with the greatest strength and’/aisq; the " j
greatest cost in terms of. time , equipment and. materials , /arid 
introducing progressive modifications to bring strength- and cost • 
down to a reasonable condition of compromise. ? ' . *•?■?./ * «
fa ; On this basis, Fig. 145 postulates 
a theoretical ’maximum strength’ structure comprising'parallel- j
4  <■/' - , §fibre laminations only, profiled to give an effective preform',*» 4 * ■ ' q ,l " T'A*4' , |jand arranged-.-with the'fibre-axes alternating at - 20 either-bide • /
of the wing. axis. This angle is large enough to ensure adequate 
’binding’ of alternate layers against propagation of interlaminarJ 
and interfibre shear, while still offering/a strength which;may, |
Fig.145. LAMINATED CHARGE STRUCTURE FOR 
' MODIFIED 4 8 -inchWING.
p ' '• ' - ' '• ©"from  F ig . 112, be taken  as 15 000 l b f / i n  in  th e  wing a x is
d i r e c t io n  and 2 500 l b f / i n  in  the  chordw ise. d ir e c t ib h *  The, *■ >
co rre sp o n d in g  m odu li of. e la s t i c i t y  are ta ke n  from  F ig . 1,04 as
2 .0  and 1 .0  x  10 l b f / i n ^  re s p e c t iv e ly .  7 V • © 7 y© 7 -" ■
C lo th  fa c in g s  are a p p lie d  a t bo th  s u rfa c e s  to  s t a b i l is e
th e  fa c e s , which in  the - moulded c o n d it io n  are p a r t ic u la r ly : 7 +
s u s c e p tib le  to  a b ra s io n  in  a p a r a l l e l - f ib r e  s t r u c tu r e ;  these  :
fa c in g s  are n e g le c te d  I n  s tre n g th  assessment. , 7  . 7 ; , 7 © 7
The 's h o r t '  la m in a tio n s  which must be in tro d u c e d  as the
wing becomes th in n e r  are d isposed  towards the  c e n tre  of© the ;
m ou ld ing , le a v in g  the  lo a d -c a r ry in g  o u te r la y e rs  u n in te r ru p te d
by s t r e s s - r a is in g  f ib r e  s toppages. 7 , /  ’ *• :• • ©7© / ;
For the  m o d ifie d  w ing geom etry, 
i t  may be assumed th a t  the  two p r in c ip a l  f a i lu r e  inodes w i l l  be 
th e  o r ig in a l  Mode A, in v o lv in g  p u l l - o f f  a t the ro o t p in  e x t re m ity j  
and a combined te n s io n  and bend ing fa i lu r e ,  o f  the  ro o t  p in  a t 
i t s  emergence from  the  hub, i : e  a t the  s e c t io n  Z-Z . in  F ig *.142.
• (7  assumed th a t  the  Mode A s tre n g th  -of the
m odif-ied  wing w i l l  be in  no case le s s  than  th a t  o f the  o r ig in a l  
w in g / which .was found to  be ©adequate in. a l l
lo a d  f  a c t o r Von ©a p u l l - o u t  ■ te s t  was. 2 .4 .  - - '7 / 7 ©  ■©. ++
The lo a d in g  d e fin e d  in  F ig .144 produces a maximum s t re s s
7‘V*V/ • p ■ • '" . Y“ © ;;' 7+ 7/7 *{*" •;+-: <7 ^;
on Z-S o f about 4 000 l b f / i n  . T h is , compared, w ith  (the b a s ic  ! , 
s t re n g th  f o r  th e ’ proposed; charge s tru c  t u r d ’
in d ic a te s  a c le a r  margin; o f  s tre n g th  b u t suggests fu r th e r  th a t  
adequate s tre n g th  f o r  2 -p o le  50~c/s o p e ra tio n  cannQ t/bevach ieved 
w ith  th e  •A v a ila b le  s e le c t io n : 'o f  m a te r ia ls  un le ss ! T h e /ra o h  'pih;©' 
d ia m e te r is  in c re a se d  to  about. 2 .2  in .  Even th e n /! adeqila%Y7 
s tre n g th  f o r  a Toad fa c to r  o f 2 cou ld , be ach iev .ed /dh lyhhy - 
charge s t ru c tu re  o f  F ig .  145© in v o lv in g ,  meticuTuous^ a s s e m b l/ q f , 
expensive  m a te r ia ls  . F u r th e r  in c re a se  in  ©bo.ot+pirr d ia m e te r To 
accommodate, ' f o r  in s ta n c e , a reasonab le  p ro p o r t io n  o f random,©© • 
f ib r e  mat would le a d  to  d i f f i c u l t i e s  in  accommodating the  ro o ts  
in  the hub, which would have to  become th ic k e r  and, o f la r g e r  
d ia m e te r ; - :© ■'©© © ' . , ;,..©•/ ■•.©, ©'”  • 7 /7 ©  ; 7+
7  v C o n fin in g  a n a ly s is  o f the  p re se n t
geom etry to  the  4 -p o le  case, th e re fo re ,  a t  50 c /s ,  a lo a d  fa c to r
o f 2 re q u ire s  a b a s ic  la y -u p  s tre n g th  o f 8 000 l b f / i n  . T h is  is  les :
: - .© 7  + : - \©b";' ©++-0.•©'-+ + -•■©©'•© '
th a n  the  raridom f ib r e  s tre n g th  o f 9 700 l b f / i n  x^ecorded,,in\©the •
te s ts  o f s e c t io n  1 6 .1 .1 . ,  su g g e s tin g  th a t  the  :wing could©he jnouldei
e n t i r e ly  from  mat i f  e f fe c t iv e  co m p o s itio n  co u ld  be achieved;''! In
fa c t  th e re  is  no reason to  suppose th a t  t h is  cou ld ; n o t he©done-
by s im p ly  Using random f ib r e  majj la m in s t io n s 'b p ro f ile d  to  g ive
an accu ra te  p re fo rm  as in d ic a te d  in  F ig .  145 ;+economy wouTd ;resu3+b
from  th e  use o f the  cheaper b a s ic  m a te r ia l and from- the  p o s s ib i l i t ;
of- c u t t in g  the  b la n ks  from  th e  s u p p lie d  sheet in  any © o r ie n t a t io n ,  !
f a c i l i t a t i n g  the  re d u c t io n  o f waste o f f c u t s O n  ©the o th e r  hand,
a la rg e , num ber.o f, d iffe re n t^sh a p e s © w o u ld  s t i l l  be r e q u ir e d , -
- F ig .  145 is ©. in te n d e d  to  in d ic a te  p r in c ip le s  o n ly , and two© o r©;. !
th re e  tim e s  as .many 'la m in a tio n s  would be re q u ire d  as--those
i l lu s t r a t e d , ~  ho-Tab our co s ts  w ou ld -rem a in  h ig h . / -© , /  /•'©’ ©,+ + .
As a - fu r th e r  s tep  in  s in ip l i f ic a h io n ,  'advahtage" mayi‘;be+
ta ke n  o f the  g re a te r  to le ra n c e  o f  f lo w  and. d i  s t  o r t  i  on i  nh e re n t
in  the  random ma£ than  in  the  p a r a l le l  f i b r e ,  by ;re d u c in g  ©the
number©;of p r o f i le s  , s im p l i f y in g  the /shapes ,themselves , and
a llo w in g  a la r g e r  measure, o f  p e r ip h e ra l shape ad jus tm en t in  : v--- -
the  mould i t s e l f . This* process; cannot! be ovehd.one .i f  /th e - c lo th
fa c in g s . a re /re ta in e d ,,-  as these  are lia h T e  to  s p l ib  in  the;; mould .. j
i f  s t ra in e d  by h ig h  ©flow movements -o f the  +adjaceh/b"mat/,+ a s u ita b le
ra n g e /o f; p r o f i le s  i s  suggested in ; F ig ., 146/2% , 7 7 7 + ;+' 7 7  1
'v ++©/+. ;©©!©!/-'.-• +  ', ; 7  , ;•+ '©(+v+r!©©7/©/”/ © 7 +  7 + 7 ./ . 7 ' © © 7 '  -4
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Fig 146. RANDOM FIBRE (L AMINATIONS FOR 
7 / 4 4 4  : / ? 4 ? 7  MODIFIED. 48-inch WING.
I t  w o u ld /c le a r ly /, be necessary to  experim en t w ith  the  1' 
shapes, numbers and s ta ck in g : sequence o f the  th re e  b a s ic  /:£> 
p ro  f  i l  e s , b ear i  hg in '  mi rid t  h a t  a t  o ta l  o f  b e t w e e n 30 a rid'; 40 • 
la y e rs  w i l l  be re q u ire d  f o r  each m ou ld ing . I t  seems reasonab le  to  
e xp e c t, however, t h a t  the  .re q u is ite fa te n s i 1 e s tre n g th  o f 8 000 
l b f / i n 2 -  e o rre sp o n d irig A to /a  r a d ia l / p u l l - o u t  lo a d  o f 6 .3  to n f  -  
co u ld  be deve loped f  a i r l y  r e a d i l y ,/ When l i t  Is  ; r e c a l le d  / th a t  no 
.. f a i lu r e s '  were reco rded  i r i  the  p a r a l le l  p o r t io n s  o f . the  /random 
f ib r e  dummy.w ing m ould ings a lth o u g h  the  f a i l u r e ' loads at? o th e r  
p o s it io n s  reache d ,5 'to n f  ♦, i;he p in s  in  th e  dummy w ings were 
h a n d -ro lle d  and c o u ld  n o t deve lop  the  seme d e n s ity  as the  ?->//. 
la m in a te d  s t ru c tu re  proposed above.
I f  a d d it io n a l re in fo rc e m e n t were - s t i l l  th o u g h t to /b e  needed 
t h is  m igh t b e s t be in c o rp o ra te d  by re p la c in g  th e  s m a lle s t 'p r o f i le  
o f the  th re e  by a double  la y e r  o f  p a r a l le l  f ib r e  w ith  the  f ib r e s  
crossed  20? each way as in  ,'F ig . 14$. >, 4 .  -.' ?'? • ?? • * ' 4 /??-
fa An even s im p le r  s e le c t io n  o f  p r o f i le s  Was used in  th e ..s e t 
o f e xp e rim e n ta l w ings d e sc rib e d  in  s e c tio n  2 2 1 .4 .; 'the  p r o f i le s  I 
used /a re  shown in 'F ig  .125 • faP-he charge: assembly was com plex,; 
hov/ever, and com prised p a r a l le l  and random f ib r e  la m in a tio n s  in  1 
ro u g h ly  equa l p ro p o r t io n s . The p u l l - o u t  te s ts  on the.-.three • j
specimens produced no ro o t  p in  fa i lu r e s  on the  p a r a l le l / p o r t io n s , fa 
though  the  f r a c tu r e  loads reached 8-J to n f ,  re p re s e n tin g  a ro o t  • j 
p in , te n s i le  s tre s s  o f about 12 000 l b f / i n  > T h is ,  w h i le ? to ta l ly  
inadequa te  f o r  2 -p o le  speeds", is  e x c e s s iv e ly  s t r o n g : fo r  ’the.
4 -p o le  case; the  la yu p  sequence based on F ig .125 c ou ld  the re  fo re  } 
be e x te n s iv e ly  s im p l i f ie d  and co u ld  • in s  o r pop. a te1 m uch;less, p a ra l le l ]  
■ fib re .-  • ■ • .. -'fa .... Ay.. , . • .- -r ;■.?./
•4 - '* Th^ a l te r n a t iv e  approaeh;'to  a ' 1
s im p l i f ie d  charge s t ru c tu re  in v o lv e s  the  u s e 'o f  the  r o l le d ' charge j 
upon which c u r re n t p ro d u c tio n  i s  based* The:weaknesses induced  i n j  
the  w ing m ould ing by t h is  method in  i t s  s im p le s t form s have 
a lre a d y  been d is cu sse d , and are summarised?again in  F ig .147. i
CONC£N7RtC ROLL
Fig 14-7 MOULDING WEAKNESSES/DUE TO ROLL
?■?? . : / ;  ?' v'T?.; ,  CHARGES.
'• 2 , The c o n c e n tr ic  r o l l  w i l l  p rodu ce , .even . in  (the m o d ifie d  :w ing , 
a weak re g io n  a d ja ce n t to  the  ro o t  chord due to  f ib r e  s p la y in g  
a sso c ia te d  w ith  the  u n a vo ida b le  change in  : s e c t io n .  T h is  -was'-ii . 
d iscussed  f o r  .the 2 4 -In c h  =wing in  s e c t io n  2 5 *4 .4+, and th e  -analysi. 
extended to  the  4 8 - in c h  case in  ,25*5*2.. . -- y  :y( Y
I t  was found th a t  4 8 - in c h  p ro d u c tio n , w ings f a i l i n g  by Iiode 33 
d id  so a t le s s  than  the  fa c to re d  4 -p o le  r  u n n i ng 1 o ad ,, whi 1 e Y Y  Y 
f a i lu r e s  i n : o th e r modes were a ls o  to o  lo w 1 to  suggest, th a t ;  Mode 1 
s tre n g th , would have been adequate in  these ca se s . S ince a l l  these  ' 
w ings a lre a d y  in c o rp o ra te d  a co n s id e ra b le  amount' o f p a r a l le l  
re in fo rc e m e n t, i t  would- seem u n p r o f i t a b le ' t o  p u rsu ew th e yoo n ee n trih  
r o l l , a s  a l in e  o f f u r t h e r  deve lopm ent. . . E. /
The p a r a l le l  r o l l  system used  w ith  
random f ib r e  o n ly  in  th e  dummy w ing m ould!rigs ach ieved /the 'Y am e E 
s tre n g th  as the  re in fo rc e d  p ro d u c tio n  wings-. The a d d it io n  o f . 
r e in fo r c e m e n t 'in  th e  p a r a l le l  r o l l  s t ru c tu re  m ust, however, be j 
c a r r ie d  o u t-w ith  care  to* a llo w  f o r  the  d u a l fa i lu re ; .  m o d ' e t ' ; ■ 
i l l u s t r a t e d  by the  dummy -wing, m ould ing  i n  F ig .  138, and fo r , . th e  
m o d ifie d  w ing in  F ig . 147* iu  the  dummy w ing , th e  c e n t ra l r o l l  j 
f a i le d  in  te n s io n  a t th e  change in  s e c t io n  where the w ing b lade  j 
th ic k e n e d  to  the  lo a d in g  pad; th e  absence ofs'such ;a sectiorfG changd 
in  the  t r u e  v/ing c o u ld  im p ly  g re a te r . lo a d  re s is ta n c e , h u t t h is  
te n s i le  f a i lu r e  is  a s s o c ia te d  w ith  shear, a lo n g  th e  r o l l  j o in t s ,  ,j 
and i t  was no t p o s s ib le  to  de te rm ine  which o f the  two f ra c tu re s  j j 
o ccu rre d  f i r s t .  -The a d d it io n  o f  re in fo rc e m e n t m ust-,,the re fo re  
seek to  c o u n te r  b o th  te n s i le  and shear f a i l u r e ,... and. a p o s s ib le  j 
s t ru c tu re  f o r  t h is  c o n d it io n  is  in d ic a te d  'in '\F ig y 1 4 8 . Y  Y / E : -. ; \
D e ta ile d  s t re s s in g  o f such an arrangement. d (sE p ro h ib ite d  by,.Ej 
the  geom etry change which must occur d u r in g  m ould ing ,, and by ~Y| 
the  complex f a i lu r e  mechanism which h a s :b e e n (d e s c rib e d ; an ’Y 
a p p ro p r ia te  ba lance o f  the  c o n s t itu e n t  assem blies can. th e re fo re  be; 
deve loped o n ly  by e xp e rim e n t. . •. ■ ■ I
•’ * . . : f ; * - «. v |
I n  th e  charge)shewn in  F ig . 1 4 8 , : the  I 
c e n tre  r o l l  is  made up o f a la y e r  o f random f ib r e  m at, covered 
by two p a r a l l e l - f ib r e  la y e rs  o f the  same p r o f i l e  v /ith  axes, at- 
20 to  e i th e r  s id e  as i l l u s t r a t e d .  The sho u ld e rs  are s e t ba,ck a t | 
20° in  th e  ’ b la d e 1 area to  produce a ta p e re d  r o l l  h and an (j
a d d it io n a l ( s t r ip  o f  random - f ib re  mat is -  c o i le d  in to  the/TInher'' 
p a r t  o f th e  ro o t  p in  end to  produce a lo c a l ' t h ic k e n in g  w hich may ; 
fo rc e  o u te r f ib r e s  in to  the  sh o u ld e r p r o f i l e  in - th e -m o u ld y
Fig,148 mRALLELfaROLL CHARGE FOR iMODIFIED- 
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Each side: r o l l ,  o f  random f ib r e  o n ly ,  is .  a ls o  ta p e re d , ' 
and the  th r e e . r o l l s  are p ressed to g e th e r  and. .wrapped in  , f u r t h e r  
random f ib r e  m at. ' :T h e -ta p e r ■ o f th e ' r o l l s  p e rm its , th e  number fa o f 
w rappings to  in c re a se  tow ards the  w ing end,- as shov/ny t h ic k  
w ra p p in g /ca n n o t-b e  used a t th e  ro o t ch o rd , a s ' t h is  would Xbrcu
the  outer, la y e rs  o f - th e  c e n tre  r o l l  out o f a lig n m e n t;t if f
c r i t i c a l ;  area.; ; . • 4 ' '• 4 4  /-;4/fa
Y in a liy q / ie - io th  / fa c in g  i s  added, as before-, ; to  s td b iE is e
su rfa c e  o f tlreAm oulded/vIng .., , '
■YYYTOTOYYYyYY': TOTOYy/Y:TO'YTO'.YYTOYYTO- A y y A A A i A A ^ A n f m ^
28•//E ffe c ts -  o f In c re a s in g  D iam eter and O p e ra tin g  Speed.
28.1c; E f fe c t  o f In c re a s in g  D iam eter.
/TO TO v ’ ; y  ;  . -,. E qua tions ' (277) to  (279) suggest
; t h a t . i f  /the  .exposed v/ing geom etry is  s im i la r  f o r  d i f f e r e n t  fa n  
d ia m e te rs , the  a x ia l  lo a d  a t the  ro o t  p in  in c re a se s  w ith  ...■ ■ -. ) ' JXx ' * ' =< ■' " v j 4 ’ •. . ' TO / * • . CZ
(d ia m e te r)  and th e  ro o t  bend ing  moment w ith  .("d iam eter) . I f ,  in  
a w ing o f th e  m o d ifie d  p r o f i l e  o f F ig ..142,. the' maximum s tre s s  
due to  combined lo a d in g  i s  to  rem ain the  same f o r  a l l 5d ia m e te rs ,
i t  fo l lo w s  th a t  the ro o t  p in  d ia m e te r must in c re a s e .w ith  
(d ia m e te r)2 .
I t  has been seen t h a t ; a t  4 -p o le  speed th e  4 8 -in c h  w ing 
can , w ith  c a re , be .'designed w ith  ,a ro o t  p in  d iam ete r- o f. 1 .5  i n ; 
a s im i la r  fa n  o f 60- i n  d ia m e te r would th e re fo re  re q u ire  a fo o t  
p in  d ia m e te r o f 2 .35  in ,  .and a 7 5 - in  d ia m e te r fa n  ( th e  la rg e s t  
o f  the. c u r re n t woods -range in  m e ta l im p e lle rs ) - ,  3*7 in .
D i f f i c u l t y  may be expected in  m ould ing  p in  d iam ete rs  in  
excess, o f about 2 in ,  due to  th e  la rg e  mass in v o lv e d  and the  
consequent sh rinkage  e f f e c t s ; e x te n s ive  core s e p a ra tio n  occurs  
when the  o u te r - la y e rs  are ab le  to  cure e a r l ie r  than  the  in n e r  ones 
by a-’s ig n i f ic a n t  in te r v a l. .  On the  o th e r hand, any re d u c t io n  in  
the  d iam eters, quoted above would re q u ire  in c reased  ro o t p in  
s t re n g th ,  a t ta in a b le  o n ly  by a more s o p h is t ic a te d  form  o f charge 
w ith  a tte n d a n t problem s o f a c c u ra td - c o n tro l; so th a t  i t  seems1 
reasonableTOto ta ke  th e  6 0 - in c h  fa n  as the  upper l i m i t  o f  s iz e  
which co u ld  be com pression moulded on the  l in e s  a lre ad y , la id  .. 
down f o r  the  s m a lle r  s iz e s . , ‘ - 7 TOY
: ;An a lte rn a t iv e :  approach w o u ld ' be to  l ig h te n  the v/ing in
some way. T h is  has been done e x p e r im e n ta lly ' w ith  the  60- in c h  
v/ing by h a n d - la y in g  two h a l f  s h e lls  in  c o ld -c u r in g  f ib r e g la s s  
and. bond ing tr ie  h a lve s  in to  a h o llo w  v/ing h a v in g  about - the  
same w e igh t' as the  4 8 - in c h  c o u n te rp a r t , b u t >t h is  i s  - e co n o m ica lly  
u na ccep tab le  as a p ro d u c tio n  p ro ce ss . F u r th e r  in v e s t ig a t io n s  
c o u ld b e  based upon m ould ing  about a foamed p la s t ic  c o re , b u t 
such a system is  .taken  to  be- o u ts id e  the  term s o f re fe re n ce '1 o f 
th e  ■'p re se n t t e x t .
2 8 .2 . E f fe c t  o f In c re a s in g  Speed. - 
- • '• S ince the  running,,.loads, are
p ro p o r t io n a l to  th e  square o f th e  speed, the- m aintenehce o f a 
co n s ta n t s tre s s  le v e l  in  the  ro o t  p in  o f a g iv e n  b lade  w ith  a 
change o f speed, re q u ire s  th a t  the  ro o t  p in  d ia m e te r be : p ro p o r t io n  a 
to  the  speed-.'/'If, th e re fo re ,  the  1 • 5 - in  d ia m e te r ro o t  p in  o f 
th e  m o d ifie d  (4 8 - in c h  - w ing is  t  aken to  be s u ita b le  ;; from  the-.: 
s tre n g th  p o in t  o f. v iew  a t 4 -p o le  spped, o p e ra tio n  a t 2-p o le  speed
‘ » /:•.*’  Y Y 1 * • v  "P, .. Y  Y /  Y '-:. = Y  ■. j;/-.?. ,4  »«-.* V. * * y  '• i r 1 y  . /  ’ TO y  • v>\ 1 ?-r - ’ ! y "  V ‘ TO.-yTO '.TO .*TO Y-Y  Y  j - " / g  y 1- ■ Y7TO - ■
fa " fa would re q u ire  a ro o t  p in  d ia m e te r o f 3*0 in .  As b e fo re , 4 4 4 ?
increased , s o p h is t ic a t io n  in  the  m o u ld in g 'p ro ce ss  "m ig h t .b r in g , t h is  .
down to ,  say, 2 .5  '.in , b u t a t o t a l  Redesign o f the  hub would be 
fa ' re q u ire d .  fa. -fa'  ^ 4 . - •••'
fa "fa I f  hub m o d if ic a t io n  i s  a cce p ta b le , an in c re ase d  .roo t p in
yfa: d ia m e te r . re q u ire s  an in c re a se  in  hub d ia m e te r to  accommodate
fa; th e  p in s ;  t h is  makes the  w ings s h o r te r  and reduces ro o t  p in  lo a d s ,
/  b u t a ls o  in c re a se s  th e  b lockage o f1 the  fa n  d u c t and reduces ; ;
‘ o v e r a l l  e f f ic ie n c y .  The measure can o n ly , th e re fo re ,  be a p p lie d*- . . . . . 4 * >•" -
to  a l im ite d :  e x te n t .  - f a  / •' -‘ ? ?" fa - ’fa
jfa ' . " ?• . > ?
fa " 2 9 *  G eneral C onc lus ions on Fan Component D es ign . fa
I t  appears th a t  th e  48~ inch im p e lle r  
must be regarded  as the  upper l i m i t  o f  fe a s ib le  d e s ig n , f o r / t h e  
m a te r ia ls  on w h ic h  t h is  in v e s t ig a t io n  has been: based, fo r- '9 
2 -p o le  speed on 50 c /s  (2 900 r e v /m in ) , w h ile  f o r  4 -p o le  speeds 
d ia m e te rs  g re a te r  th a n  60 in .  ax-e u n l ik e ly  to  , prove f e a s ib le .
■ T h is  assumes a loa d  fa c to r  o f 2 ,A which co u ld  be reduced /
i f  the  s c a t te r  on m oulding, s tre n g th  co u ld  be c u t down, s in ce  the  
ru n n in g  loads can g e n e ra lly  be p re d ic te d  w ith  re a so n a b le "a ccu ra cy  A 
I t  has been shown, however, th a t  in  com m ercia l m ou ld ing  j 
env ironm ents the  s tre n g th  v a r ia t io n  cannot -b e /.s ig n if ic a n t ly -  
reduced w i t h o u t - e i t h e r  im posing  a .p r o h ib i t iv e  measure o f p rocess 
c o n t r o l ,  o r em ploying so s im p le  a p rocess’ w ith  a s in g le - m a te r ia l 
-  dough m ould ing  compound, f o r  in s ta n c e , o r random f ib r e  mat in  ' : 
a ,5b lo c k  fa la yu p  -  th a t  the  lo s s  in  averager s tre n g th  out s t r ip s  the  
re d u c t io n  in  v a r ia t io n . ,  . . .. • rfa ".fa; ,
fa A d d it io n  o f re in fo rc e m e n t, aga in  te n d in g , to * in c re a s e
s c a t te r ,  can o n ly  in c re a s e  average s tre n g th  up to  a c e r ta in  le v e l  
; w ith  a g iven  x*ange o f m a te r ia ls  ;■ ' f u r th e r  s tre n g th  improvement
re q u ire s  in c re a se s  in  ro o t  p in  s iz e  and co rre sp o n d in g  hub 
assembly m o d if ic a t io n s .  
f ■ Improvements o b ta in a b le  in  t h is  way can r a r e ly  be more
, ■- th a n  m a rg in a l, due to  t h e i r  r e s u l ta n t  encroachment upon
> aerodynamic e f fe c t iv e n e s s '.
: ' I t  a ls o  seems c le a r  th a t  th e  methods
4  • o f  a n a ly s is  which have been developedfain t h is  te x t  can o n ly  have
A l im i te d  a p p l ic a t io n  in  d e s ig n , and then  o n iy 4 m  s i tu a t io n s  where
a s o p h is t ic a te d  charge d e s ig n  le a ds  to  a p re fo rm  r e q u ir in g
j l i t t l e ,  change o f f ib r e  d is t r ib u t io n  in  th e - m ould ing  “p ro c e s s .
Design a n a ly s is  may. th e re fo re  be a p p l ie d . in ? u n its  which are
approaching the©'limit of strength utilisation, .and1 which • . 
therefore require a meticulous charge' arrangement regardless " 
of cost, but the process becomes increasingly©inaccuratevas- • • 
the design loads become smaller, permitting simplified charge 
structures which change©their shape to a considerable© ext eiitvin 
the mould. In the latter case optimum strength may best be '©•+© 
determined, in general, by empirical,development,©following©©only 
an-.-approximate stress analysis in the initial design stages.
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